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Environmental protection has become a global concern in 
the last years due to the harmful changes on climate and pollution 
phenomena. Large cities have observed how photochemical smog, 
water pollution and strong sun radiation have affected the health 
of population as a result of pollution. In particular, chlorinated 
volatile organic compounds (Cl-VOCs) are considered dangerous 
for human health because of their carcinogenic properties, high 
solubility in water and contribution to the formation of 
photochemical smog. Among them, trichloromethane (TCM) and 
dichloromethane (DCM) are the most used and dangerous 
chlorinated compounds. International legislation has limited or 
even banned their use and production (i.e. TTCM) in some 
countries. These legislations have also limited the emission of these 
compounds to the environment due to their harmful effects. 
Because substituting them is not always possible on every industrial 
process, one possible strategy is to reduce their emissions by 
transforming them into non-toxic compounds before been 
released. 
Global population is continuously increasing, so the demand 
of certain facilities has also increased. The majority of modern 
facilities are related with products made with monomers, which are 
usually obtained by refinement processes of fossil feedstocks. These 
monomers are synthetized from unsaturated hydrocarbons, and as 
a consequence, olefins are highly appreciated for the chemical and 
manufacturing industries. Olefins are commonly obtained by 
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refinement processes like thermal catalytic cracking (TCC) which 
is the most common way to produce olefins at industrial scale. 
However, the yields of this technology are limited, it is a highly 
energy-demand process due to the high temperatures needed and 
the deactivation of the catalysts is fast. Other processes, as the 
synthesis of olefins from methanol, is considered a better choice. 
Although there are a few industrial installations already working, 
this process have also some disadvantages such as low yield values, 
needing of a big investment, poor catalytic performance and 
indirect emissions of SO2 and NOx, as a consequence of the high 
reaction temperature operated. Other alternatives, including 
oxidative coupling of methane, propane hydrogenation and 
Fischer-Tropsch synthesis, are still on investigation stage. More 
improvements must be achieved to consider them as industrial 
available processes. 
Catalytic hydrodechlorination (HDC) presents some 
advantages in comparison with the other alternatives 
abovementioned. It is considered a promising technology for 
treatment of chlorinated streams and recently, it has shown more 
applications than only eliminating chlorinated compounds. HDC 
can be applied for both, liquid and gas-phase, at mild conditions of 
temperature and pressure and it can be selective to the desired 
products, paraffins and olefins. This PhD Thesis is focused on the 
gas-phase HDC of chloromethanes and divided in four works 
published in scientific journals. 
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The first work is focused on the gas-phase HDC of TCM and 
DCM using Pt, Pd, Rh and Ru metals as active phase, supported on 
commercial activated carbons, to obtain ethane and ethylene as 
main products. It was observed by molecular simulation that the 
stability of the reaction intermediates is more favorable when 
increasing their hydrogenation degree, following the order CH4 > 
C2H6 > C2H4 > •CH3 > ••CH2. As the reaction is exothermic, the 
increase of temperature decreases the conversion of DCM to 
certain products, being this reduction more significative for C1 than 
for C2 products. Computational analysis using density functional 
theory (DFT) was developed to obtain the catalytic reaction 
mechanism for the HDC using Pt, Pd, Rh and Ru clusters with six 
metal atoms. Quantum-chemical calculations showed that all the 
catalysts were able to dechlorinate one molecule of DCM by linking 
covalently with two atoms of metal without deforming the 
octahedral M6 geometry. Nevertheless, with two molecules of DCM 
and three of hydrogen, only Pd6 and Rh6 clusters showed stable 
formation of ••CH2 and •CH3 radicals, necessary to generate the 
desired C2H4 and C2H6 products. Pt6 and Ru6 clusters were not able 
to obtain these stable intermediates, showing less activity of these 
metals for the coupling of chloromethanes. The formation of ••CH2 
intermediate was more stable in Rh6 cluster than in Pd6 on the HDC 
of DCM, what could lead to form two ••CH2 radicals and then, new 
different structures. Despite the lower energy barrier of Rh6 for the 
formation of the desired final products and the higher stabilization 
energy for catalytic intermediates, Pd6 showed lower desorption 
energy for C2 products than Rh6 cluster. 
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The study also included gas-phase HDC tests of DCM and 
TCM to confirm these computational results experimentally. Four 
catalysts were prepared by incipient wetness impregnation of 1 % 
of Ru, Rh, Pt and Pd active phases, on a commercial activated 
carbon (Merck). In agreement with computational results, the gas-
phase HDC tests of TCM and DCM showed that Pd/C catalyst was 
able to dechlorinate DCM and TCM yielding significant amounts of 
C2 products (ethane and ethylene). In contrast, Rh/C, Ru/C and 
Pt/C catalysts showed no selectivity to these products in the HDC 
tests, been methane the main reaction product obtained with the 
three catalysts. An additional stability test was performed with the 
Pd/C catalyst for 50 hours. Conversion and selectivity were quite 
stable during the whole experiment, confirming that Pd/C is a 
promising catalyst to hydrodechlorinate and valorize DCM and 
TCM into ethane and ethylene. 
The first work concluded that Pd based catalysts were the 
most suitable to obtain hydrocarbons with more than one carbon 
atom. However, selectivity to de desired products needed to be 
improved. Based on this finding, the second work of this PhD 
Thesis aimed to obtain C2 and C3 products from the HDC of TCM 
using Pd catalysts supported on different activated carbon 
supports. Five activated carbons were prepared by chemical 
activation of carbon lignin with five activating agents, namely 
H3PO4, ZnCl2, FeCl3, NaOH and KOH. The activating agents 
provided different properties to the activated carbon supports, 
which were subsequently impregnated with 1% of Pd in weight. 
 Abstract 
7 
Activation with NaOH and KOH led to carbons with the highest 
surface areas (around 2200 and 3000 m2g-1 respectively), and the 
lowest Pd0/Pdn+ ratio. On the other hand, activation with ZnCl2 and 
H3PO4 resulted in the catalysts with the highest surface acidity and 
the biggest Pd mean particle sizes. It was observed that turnover 
frequency (TOF) values increase with the Pd particle size, revealing 
and confirming that HDC is a structure sensitive reaction. The 
highest selectivity to ethane and propane was obtained with the 
catalysts supported on KOH-activated carbon (higher than 80 %) 
at a reaction temperature of 300 ºC, followed by the activated with 
NaOH. These catalysts also showed complete dechlorination 
degree, in which the catalyst supported on KOH-activated carbon 
showed lower selectivity to DCM and MCM byproducts. HDC tests 
with KOH-based catalyst at reactions temperatures above 300 ºC 
showed even higher selectivity to ethane and propane, and traces 
of olefins (mainly ethylene), confirming the thermodynamic results 
discussed in the first work and the increase of the reaction 
temperature lead to the formation of more C2-C3 products. Stability 
tests were performed with the catalyst that yielded the best 
selectivity values, KOH-catalyst. At 200 ºC an outstanding stability 
was obtained with no sign of deactivation after 60 hours on stream. 
Selectivity did not suffer significant changes and kept stable along 
the whole time on stream of experiment. Only a few traces of DCM 
and MCM were obtained, confirming the good performance of this 
catalyst to obtain C2-C3 products. 
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Third work modified the reaction conditions with the aim of 
increasing the yield of the HDC of TCM to unsaturated 
hydrocarbons using the Pd on the carbon-catalysts studied on the 
second work. The value of the H2/TCM molar ratio affects very 
significantly the conversion and selectivity of the reaction. The 
reduction of this ratio resulted in a conversion decrease but in 
contrast increased the selectivity to olefins. The selectivity to the 
olefins was also favored by high Pd0/Pdn+ ratios and low amount of 
oxygen surface groups, being FeCl3 and ZnCl2 derived-catalysts 
those showing the highest selectivity to olefins. The rest of the 
catalysts analyzed, those obtained from NaOH, KOH and H3PO4 
activated carbons, showed higher proportions of Pdn+ and higher 
amounts of oxygen functional groups, resulting in a lower 
selectivity to olefins. This is probably due to the stronger 
interaction of the TCM molecules with oxygen functional groups, 
leading to complete hydrogenation of the reaction intermediates 
and increasing the poisoning of the active centers by the adsorption 
of chlorine containing organic compounds. The high selectivity to 
olefins of ZnCl2-derived catalyst and its outstanding stability was 
ascribed to the redispersion of the Pd particles. On contrary, FeCl3-
derived catalyst suffered a sintering process that increased the size 
of Pd particles from 2 to 30 nm, decreasing the dispersion of active 
centers, resulting in a very significant loss of activity after 50 hours 
of reaction. 
The fourth work studied the HDC of TCM and DCM using 
Pd catalysts supported on commercial and modified zeolites. Gas-
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phase catalytic hydrodechlorination (HDC) of trichloromethane 
(TCM) and dichloromethane (DCM) was studied using Pd (1 wt%) 
supported on different zeolites as catalysts. The aim of the study 
was to know those surface properties of the catalysts and reaction 
conditions that promote the yield to light hydrocarbons in this 
reaction. Five different zeolite supports were used from three 
commercial zeolites (KL, L-type; NaY, Faujasite; H-MOR, 
Mordenite). KL and NaY were submitted to ionic exchange 
treatments in order to increase their acidity and analyze the effect 
of the acidity in the activity and selectivity of the HDC reaction. 
Exchanged zeolites (HL and HY, respectively) showed the highest 
Pd dispersion due to their higher surface acidity. The best 
TCM/DCM conversion and selectivity to light hydrocarbons were 
obtained using the two non-exchanged zeolite-catalysts, KL and 
NaY. Low surface acidity seems to be the key aspect to promote the 
formation of light hydrocarbons. The formation of these products 
is favored at high reaction temperatures and low H2:chloromethane 
ratios. KL showed the highest selectivity to olefins (60 %), although 
with a lower dechlorination degree. Non-exchanged NaY catalyst 
showed high selectivity to paraffins (70 and 95 % for the HDC of 




La protección del medio ambiente se ha convertido en una 
preocupación mundial en los últimos años debido a los cambios 
nocivos en el clima y los fenómenos de contaminación. Las grandes 
ciudades han observado cómo el smog fotoquímico, la 
contaminación del agua y la fuerte radiación solar han afectado a la 
salud de la población como resultado de la contaminación. En 
particular, los compuestos orgánicos volátiles clorados (Cl-COV) se 
consideran peligrosos para la salud humana debido a sus 
propiedades cancerígenas, su alta solubilidad en agua y su 
contribución a la formación de smog fotoquímico. Entre ellos, el el 
triclorometano (TCM) y el diclorometano (DCM) son algunos de 
los compuestos clorados más utilizados. La legislación 
internacional ha limitado su uso o incluso en algún caso ha 
prohibido su uso y producción, en algunos países por ejemplo el 
tetraclorometano (TTCM). Estas legislaciones también han 
limitado la emisión de estos compuestos al medio ambiente debido 
a sus efectos nocivos. Ya que sustituirlos no siempre es posible en 
todos los procesos industriales, una posible estrategia es reducir sus 
emisiones transformándolos en compuestos no tóxicos antes de ser 
liberados. 
La población mundial aumenta continuamente, por lo que 
la demanda de ciertos productos también ha aumentado. La 
mayoría de los bienes modernos están relacionados con productos 
hechos con monómeros, que generalmente se obtienen mediante 
procesos de refino de materias primas fósiles. Estos monómeros se 
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sintetizan a partir de hidrocarburos insaturados y, como 
consecuencia, las olefinas son muy preciadas por las industrias 
químicas. Las olefinas se obtienen comúnmente mediante procesos 
de refinamiento como el craqueo catalítico térmico (CCT), que es 
el más común para producir olefinas a escala industrial. Sin 
embargo, los rendimientos de esta tecnología son limitados, es un 
proceso que demanda mucha energía debido a las altas 
temperaturas necesarias y la desactivación de los catalizadores es 
rápida. Otros procesos, como la síntesis de olefinas a partir de 
metanol, se consideran una mejor opción. Aunque ya hay algunas 
instalaciones industriales en funcionamiento, este proceso también 
tiene algunas desventajas, como valores de rendimiento bajos, 
necesidad de una gran inversión, bajo rendimiento catalítico y 
emisiones indirectas de SO2 y NOx, como consecuencia de la alta 
temperatura de reacción. Otras alternativas, que incluyen el 
acoplamiento oxidativo de metano, la hidrogenación de propano y 
la síntesis de Fischer-Tropsch, aún están en etapa de investigación. 
Se deben lograr aún más mejoras para considerarlos como procesos 
industriales disponibles. 
La hidrodecloración (HDC) catalítica presenta algunas 
ventajas en comparación con las otras alternativas mencionadas 
anteriormente. Se considera una tecnología prometedora para el 
tratamiento de corrientes cloradas y, recientemente, ha 
demostrado tener más aplicaciones que solo eliminar compuestos 
clorados. La HDC puede aplicarse tanto en fase líquida como 
gaseosa, en condiciones suaves de temperatura y presión, y puede 
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ser selectiva a los productos deseados, parafinas y olefinas. Esta 
tesis doctoral se centra en la HDC en fase gaseosa de los 
clorometanos y se divide en cuatro trabajos publicados en revistas 
científicas. 
El primer trabajo se centra en la HDC en fase gaseosa de 
TCM y DCM utilizando metales como Pt, Pd, Rh y Ru como fase 
activa, soportado sobre carbón activo comercial, para obtener 
etano y etileno como productos principales. Se observó por 
simulación molecular que la estabilidad de los intermedios de 
reacción es más favorable al aumentar su grado de hidrogenación, 
siguiendo el orden CH4> C2H6> C2H4> •CH3> ••CH2. Como la 
reacción es exotérmica, el aumento de la temperatura disminuye la 
conversión de DCM a ciertos productos, siendo esta reducción más 
significativa para los productos C1 que para los productos C2. Se 
llevó acabo el análisis computacional utilizando la teoría de la 
densidad funcional (TDF) para obtener el mecanismo de la 
reacción de HDC catalítica utilizando sistemas de Pt, Pd, Rh y Ru 
con seis átomos de metal. Los cálculos de química cuántica 
mostraron que todos los catalizadores podían declorar una 
molécula de DCM al unirse covalentemente con dos átomos de 
metal sin deformar la geometría octaédrica M6. Sin embargo, con 
dos moléculas de DCM y tres de hidrógeno, solo los sistemas de Pd6 
y Rh6 mostraron una formación estable de radicales ••CH2 y •CH3, 
necesarios para generar los productos C2H4 y C2H6 deseados. Los 
sistemas Pt6 y Ru6 no pudieron obtener estos intermedios estables, 
mostrando una menor actividad de estos metales para el 
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acoplamiento de clorometanos. La formación de intermedios ••CH2 
fue más estable en el sistema de Rh6 que en Pd6 en la HDC de DCM, 
lo que podría conducir a la formación de dos radicales ••CH2 y, a 
continuación, nuevas estructuras diferentes. A pesar de una barrera 
de energía más baja de Rh6 para la formación de los productos 
finales deseados y una energía de estabilización más alta para los 
intermedios catalíticos, Pd6 mostró una energía de desorción más 
baja para los productos C2 que el sistema de Rh6. 
El estudio también incluyó pruebas de HDC en fase gaseosa 
de DCM y TCM para confirmar estos resultados computacionales 
experimentalmente. Se prepararon cuatro catalizadores por 
impregnación a humedad incipiente con 1% de fase activa de Ru, 
Rh, Pt y Pd, en un carbón activado comercial (Merck). De acuerdo 
con los resultados computacionales, las pruebas de HDC en fase 
gaseosa de TCM y DCM mostraron que el catalizador de Pd/C pudo 
declorar DCM y TCM produciendo cantidades significativas de 
productos C2 (etano y etileno). Por el contrario, los catalizadores 
Rh/C, Ru/C y Pt/C no mostraron selectividad para estos productos 
en las pruebas de HDC, siendo el metano el principal producto de 
reacción obtenido con los tres catalizadores. Se realizó una prueba 
de estabilidad con el catalizador de Pd/C durante 50 horas. La 
conversión y la selectividad fueron bastante estables durante todo 
el experimento, lo que confirma que Pd/C es un catalizador 




El primer trabajo concluyó que los catalizadores basados en 
Pd eran los más adecuados para la obtención de hidrocarburos con 
más de un átomo de carbono, sin embargo, era necesario aumentar 
su selectividad. En base a este hallazgo, el segundo trabajo de esta 
tesis doctoral tuvo como objetivo obtener productos C2 y C3 en la 
HDC de TCM utilizando catalizadores de Pd soportados en 
diferentes soportes de carbón activado. Se prepararon cinco 
carbones activados por activación química de lignina de carbón con 
cinco agentes activantes, a saber, H3PO4, ZnCl2, FeCl3, NaOH y 
KOH. Los agentes activantes proporcionaron diferentes 
propiedades a los soportes de carbón activo, que posteriormente se 
impregnaron con 1% de Pd en peso. La activación con NaOH y KOH 
condujo a carbones con las áreas superficiales más altas (alrededor 
de 2200 y 3000 m2g-1 respectivamente), y el ratio de Pd0/Pdn+ más 
bajo. Por otro lado, la activación con ZnCl2 y H3PO4 dio como 
resultado los catalizadores con la acidez superficial más alta y los 
tamaños medios de partícula de Pd más grandes. Se observó que los 
valores de TOF aumentan con el tamaño de partícula de Pd, 
revelando y confirmando que la HDC catalítica es una reacción 
sensible a la estructura. La mayor selectividad al etano y al propano 
se obtuvo con los catalizadores soportados en carbón activado con 
KOH (superior al 80%) a una temperatura de reacción de 300 ºC, 
seguido por el activado con NaOH. Estos catalizadores también 
mostraron un grado de decloración completo, en el que el 
catalizador soportado en carbón activado con KOH mostró una 
selectividad menor a los subproductos de DCM y MCM. Las 
pruebas de HDC con catalizador basado en KOH a temperaturas de 
Production of valuable hydrocarbons by catalytic hydrodechlorination of 
chloromethanes 
16 
reacción superiores a 300 ºC mostraron una selectividad aún mayor 
para el etano y el propano, y trazas de olefinas (principalmente 
etileno), lo que confirma los resultados termodinámicos discutidos 
en el primer trabajo, el aumento de la temperatura de reacción 
conduce a la formación de más productos C2-C3. Las pruebas de 
estabilidad se realizaron con el catalizador que produjo los mejores 
valores de selectividad, el catalizador basado en KOH. A 200 ºC se 
obtuvo una estabilidad total, sin signos de desactivación después 
de 60 horas de reacción. La selectividad no sufrió cambios 
significativos y se mantuvo estable durante todo el tiempo del 
experimento. Solo se obtuvieron unas pocas trazas de DCM y MCM, 
lo que confirma el buen rendimiento de este catalizador para 
obtener productos C2-C3. 
En el tercer trabajo se modificaron las condiciones de 
reacción con el objetivo de aumentar el rendimiento de la HDC de 
TCM a los hidrocarburos insaturados utilizando los catalizadores 
de Pd soportados sobre carbón activado, estudiados en el segundo 
trabajo. El valor del ratio de concentración molar H2/TCM afecta 
muy significativamente a la conversión y a la selectividad de la 
reacción. La reducción de este ratio dio como resultado una 
disminución de la conversión, pero también un aumento de la 
selectividad a olefinas. La selectividad a olefinas también se vio 
favorecida por las altas relaciones Pd0/Pdn+ y la baja cantidad de 
grupos superficiales de oxígeno, siendo los catalizadores derivados 
de FeCl3 y ZnCl2 los que muestran la selectividad más alta a olefinas. 
El resto de los catalizadores analizados, los obtenidos de los 
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carbones activados con NaOH, KOH y H3PO4 mostraron mayores 
proporciones de Pdn+ y mayores cantidades de grupos funcionales 
de oxígeno, lo que resultó en una menor selectividad a olefinas. 
Esto probablemente se deba a una interacción más fuerte de las 
moléculas de TCM con los grupos funcionales de oxígeno, lo que 
lleva a una hidrogenación completa de los intermedios de reacción 
y aumenta el envenenamiento de los centros activos por la 
adsorción de compuestos orgánicos que contienen cloro. La alta 
selectividad a olefinas del catalizador derivado de ZnCl2 y su 
excelente estabilidad se atribuyeron a la redispersión de las 
partículas de Pd. Por el contrario, el catalizador derivado de FeCl3 
sufrió un proceso de sinterización que aumentó el tamaño de las 
partículas de Pd de 2 a 30 nm, disminuyendo la dispersión de los 
centros activos, lo que resultó en una pérdida de actividad muy 
significativa después de 50 horas de reacción. 
El cuarto trabajo estudió la HDC de TCM y DCM utilizando 
catalizadores de Pd soportados en zeolitas comerciales y 
modificadas. La hidrodecloración catalítica en fase gaseosa (HDC) 
de triclorometano (TCM) y diclorometano (DCM) se estudió 
utilizando Pd (1% en peso) soportado en diferentes zeolitas como 
catalizadores. El objetivo del estudio fue conocer las propiedades 
de los catalizadores y las condiciones de reacción que promueven 
el rendimiento a los hidrocarburos ligeros en esta reacción. Se 
utilizaron cinco soportes de zeolita diferentes de tres zeolitas 
comerciales (KL, tipo L; NaY, Faujasita; H-MOR, Mordenita). KL y 
NaY se sometieron a tratamientos de intercambio iónico para 
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aumentar su acidez y analizar el efecto de la acidez en la actividad 
y selectividad de la reacción de HDC. Las zeolitas intercambiadas 
(HL y HY) mostraron una mayor dispersión de Pd debido a su 
mayor acidez superficial. La mejor conversión y selectividad de 
TCM/DCM a hidrocarburos ligeros se obtuvo usando los dos 
catalizadores de zeolita no intercambiados, KL y NaY. La baja 
acidez superficial parece ser el aspecto clave para promover la 
formación de hidrocarburos ligeros. La formación de estos 
productos se ve favorecida a altas temperaturas de reacción y bajos 
ratios de H2/clorometano. KL mostró la mayor selectividad a las 
olefinas (60%), aunque con un menor grado de decloración. El 
catalizador de NaY no intercambiado mostró una alta selectividad 























Atmospheric contamination is a worldwide extended 
problem with negative effects on environment and human health. 
Contamination can be caused by multiply sources, being those 
from anthropogenic activities the most important. The pollution of 
the atmosphere has increased considerably in the last decades, 
caused by the increment of the world population and its higher 
demand of manufactured products [1]. The presence of different 
pollutants on the atmosphere can cause acid rain, depletion of the 
ozone layer, global warming or formation of photochemical smog, 
among other negative phenomena [1,2]. Due to this, governments 
from different countries, especially in European Union (EU), are 
trying to limit their emissions. The first environmental policy was 
adopted in July 1973, after 1972 Paris Summit headed by the leaders 
of the nine countries of the European Economic Community [3]. 
The necessity to control the emissions of the numerous substances 
responsible for the ozone layer depletion and the atmospheric 
pollution ended up with the signature of the Montreal Protocol in 
1987. The substances that appeared on the protocol were mainly 
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), 
tetrachloromethane (TTCM) and others related with the depletion 
of the ozone layer [4,5]. In particular, article 2D of the Montreal 
Protocol limited for the first time, the consumption and production 
of a chloromethane substance (TTCM), stablishing a schedule of 
production/consumption reduction [6]. It was commanded to all 
parties to measure and to report the TTCM releases, in order to 
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accomplish the goal to decrease down to zero the consumption and 
production of TTCM by January 2010, as shown in the Annex B – 
Group II [7,8]. This caused that European countries restricted their 
production and emissions with more strict national environmental 
policies. Since then, numerous governmental policies have focused 
on the regulation of different compounds related with the 
depletion of the ozone layer, contamination of water sources 
and/or negative consequences for human health. Some of these 
compounds are chlorinated products or by-products used/formed 
on many industrial processes. 
Afterward, in the 90s decade, chlorinated compounds such 
as TTCM, trichloromethane (TCM), methylene chloride (DCM) 
and monochloromethane (MCM) were regulated by Agency for 
Toxic Substances and Disease Registry (ATSDR) [9–12]. They were 
classified as dangerous for human health and for environment in 
different concentrations and effects and limited their release to the 
environment. Over the years, a legislative framework has been 
developed to identify pollutants and to define their influence on 
environmental damage. In this sense, in 2007 it was created the 
Responsibility Law in EU about repairing and compensating the 
damage dealt on the environment. Later, in 2009 it was regulated 
and defined the substances that deplete de ozone layer [13], in 
which TTCM among other VOCs substances, was included. 
These policies were adopted subsequently by all countries 
forcing industries to design and invest on alternative processes, 
with the additional increment of the production costs. Since then, 
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environmental investigations have been focused in two different 
approaches: (i) the substitution of these compounds in industrial 
processes by other less or not dangerous for the environment, and 
(ii) the development of treatment technologies of polluted air, 
water and soil effluents where the aforementioned substitution is 
not possible. The aim of these investigations is the development of 
clean, effective and economically viable alternative technologies for 
the elimination and reduction of these pollutants. 
This PhD Thesis is focused on the application of catalytic 
hydrodechlorination (HDC) as an alternative technology for the 
treatment of chlorinated products, with the aim of valorizing them 
into light hydrocarbons with industrial interest.
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1.1.  CHLOROMETHANES 
Chloromethanes are chlorinated volatile organic 
compounds (Cl-VOCs) belonging to haloalkanes group and 
constituted by one carbon atom and one or more chlorine atoms. 
Their low boiling point and high solvent capacity make them 
idoneal for many industrial applications, such as surface cleaning, 
vehicle coating, printing, metal degreasing and dry cleaning. 
Moreover, they are widely used in the synthesis of pharmaceutical 
products, adhesives, refrigerants and pesticides [14]. Therefore, 
chloromethanes play an important role on industrial development 
and daily life of people. However, these compounds are well-known 
contaminants widely detected in environment in recent years 
[15,16]. 
1.1.1. Chloromethanes properties 
There are four chloromethanes: monochloromethane or 
methyl chloride (MCM), dichloromethane or methylene chloride 
(DCM), chloroform or trichloromethane (TCM) and carbon 
tetrachloride or tetrachloromethane (TTCM). The carbon-chlorine 
bond (C-Cl) affects their chemical and physical properties and 
toxicological profiles, due to the capacity of the chlorine atoms to 
withdraw electrons increasing the electrophilicity of the carbon 
atom. As a result, the moderately low binding energy of the C-Cl 
bond of chloromethanes results in relatively high chemical 
reactivity [15]. DCM and TCM are the most widely used 
chloromethanes and therefore, those emitted in a higher 
proportion to the environment through residual gas effluents. 
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Figure 1 resumes the properties of the four chloromethanes. 
Dichloromethane (Cl2CH2) is a non-colored volatile liquid, with 
high solvent capacity and low corrosive. It is extensively used as 
chlorinated solvent, for removing paintings/adhesives in the metal 
finishing industry and as a reaction intermediate and extraction 
solvent for the production of various pharmaceuticals and food 
products. Trichloromethane (Cl3CH) is a volatile liquid also 
colorless and non-flammable. Prior to the Montreal Protocol, 
trichloromethane was mainly consumed in the manufacture of 
CFCs and hydrochlorofluorocarbons (HCFCs) refrigerants. Once 
the Montreal Protocol entered into force, it was main used as 
solvent for the pharmaceutical industry and intermediate for 
producing fluoropolymers, such as polytetrafluoroethylene (PTFE) 
[15]. 
 
Figure 1. Chloromethanes properties. 
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1.1.2. Impact of chloromethanes on environment and human 
health 
Despite their useful properties for industrial applications, 
these compounds are toxic and dangerous for the environment and 
human health. Chloromethanes contribute to the depletion of the 
ozone layer by liberating chlorine radicals that catalyze ozone loss 
[17]. Besides, they form tropospheric ozone, which is highly oxidant 
and harmful. This tropospheric ozone forms, with other pollutants 
as nitrogen oxides (NOx), carbon monoxide (CO) and methane 
(CH4), photochemical smog in a process driven by the sunlight 
action and warm temperatures [17]. These phenomena can cause 
relevant health issues and illness on the population. Indeed, some 
studies have reported that photochemical smog causes around 
400,000 premature deaths in the EU due to the consequences of 
the air pollution and 21,400 of them are estimated to be caused 
directly by ozone exposure [18,19]. These negative effects are 
accentuated by their long lifetime and high stability. VOCs are 
usually removed from the atmosphere by photochemical reaction 
mechanisms with hydroxyl radicals (HO•), which can take place 
even at room temperature. Formation of tropospheric ozone starts 
with the reaction of HO• with VOC molecules, and the subsequent 
photochemical reaction catalyzed by NOx. Although DCM and 
MCM present lower photochemical ozone creation potential 
(POCP) than other compounds, they can react with HO• into 
carbonyl species, like CO, CO2 and phosgene (COCl2). These 
products are firstly taken up into clouds and form acids resulting in 
the subsequent acidification of rainwater and oceans. In addition, 
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chloromethanes generally contribute to global warming with much 
higher global warming potential (GWP) than CO2 [20,21]. 
Due to the toxicological profiles and the strong resistance to 
biodegradation, chloromethanes have been also classified as 
possible carcinogens [9–12,22]. MCM is the only chloromethane not 
considered as priority pollutant for U.S EPA [23], Ministry of 
Environmental Protection (MEP) of China [24] and European 
Community (EC) [25,26]. Its occupational exposure limit is 50 ppm 
(determined for time limit value-time weighted average, TLV-
TWA) and is classified as Group 3 of carcinogenicity products 
(probably not carcinogenic for humans) based on international 
agency for research on cancer (IARC). On the contrary, DCM, TCM 
and TTCM have been considered as priority pollutants, with 
exposure limits of 50, 10 and 5 ppm, respectively, and likely to be 
carcinogenic for humans (groups 2A and 2B) [9,11,27]. They are 
usually released to the atmosphere from emission sources, being 
inhalation the primary route of human exposure, followed by skin 
contact [15,28]. It has been observed that the most toxic effects of 
exposure to chloromethanes in humans are focused in the central 
nervous system, kidneys and liver. Long exposure to high 
concentration can cause hepatocellular carcinoma [29], mutagenic 
effects, nausea, vomiting, ataxia, dizziness, drowsiness, including 
chronic hepatic damage [30,31]. 
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1.1.3. Sources and emissions 
Despite of their harmful properties, chloromethanes have no 
easy substitution available in many of their applications. Their non-
flammability, high volatility, high reactivity and solvent capacity 
have extended the industrial processes in which they are employed. 
DCM is used as solvent for metal cleaning, degreasing and painting 
remover, and also for preparing drugs in pharmaceutical industry 
and as blowing agent in the production of foam plastics [32]. Asian 
developing countries as India have registered a fourfold increment 
of DCM emissions in ten years (from 1995 to 2016) [33,34]. The 
emissions of DCM are estimated to be higher than 1,000,000 tons 
per year [32,35], with a clear tendency to keep increasing for the 
next years. TCM is used as solvent for oils, rubber, alkaloids, fats 
and waxes or in pharmaceutical industry. It is also used as raw 
material for preparation of pesticides, dyes and dichlorocarbene 
(applied in organic synthesis industry). TCM is mainly emitted to 
environment in exhaust gas and wastewater, but also as by-product 
during water disinfection processes in its synthesis process [36,37]. 
Figure 2 represents the main routes in which chloromethanes are 
released into environment and exposured to population. The main 
emission sources of TCM are pulp and paper mills, water treatment 
plants and waste incinerators. It is worth to mention that TCM can 
be naturally generated by volcanic emissions, marine algae, among 
other natural processes. There are estimated to be emitted more 
than 66,000 tons per year [28,38]. 
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Figure 2. A schematic representation of the fate for Cl-VOCs releasing 
into environment (a); and the primary routes of human exposure to Cl-
VOCs (b) [14]. 
 
1.1.4. Legislation 
Due to their carcinogenic and hazardous characteristics for 
human health, they have been classified among the most hazardous 
atmospheric pollutants, included in the list of 17 highly dangerous 
chemicals targeted in the emissions reduction effort of the U.S. EPA 
[39]. Specifically, DCM, TCM and TTCM have been considered as 
priority pollutants by U.S. EPA [40]. The Ministry of Environment 
Protection of China has restricted their production and use [41] and 
European Commission has included them in the Environmental 
Quality Standards Directive 2008/105/EC [42]. 
As a consequence, the legislation started increasing 
restrictions on emissions of chloromethanes in the European 
Union. Diverse laws were stablished on the international meetings, 
namely, Montreal Protocol (1987) in which CFCs were identified 
and classified as the most dangerous substances for the depletion 
of the ozone layer. Besides, TTCM and other substances were paid 
individual attention, being the first time that a chloromethane 
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compound was related with ozone depletion for its use in the 
synthesis of CFCs. It was included into the slow phase-out plan to 
reduce its production and use down to zero by 2010 when it was 
finally banned. However, it has been recently observed that TTCM 
is still used in nondispersive feedstock applications, which 
emissions are much higher than expected (> 5,000 tons·per year) 
[16]. 
European legislation has been adapted in the Spanish 
quality air regulation. Council Directive of 1991 (91/689/EEC) [43] 
and 1996 (96/61/EC) [44] of the European Union identified chlorine 
and its compounds as hazardous wastes and integrated them into 
pollution prevention and control, including all chloromethanes 
substances. The current norms about air quality and evaluation 
have a common origin on the Directive 96/62/CE from the 
European Council in 1996, about the evaluation and management 
of the environment air quality, also known as Marco Directive. This 
was the first norm to adopt, specify and to fix the limits, objectives 
and techniques. That initial approach was lately developed for 
different contaminants through norms, known as Fixed Directives, 
which almost all have been replaced by subsequent norms. 
European legislation 
Norms related to chloromethanes are shown below: 
• Directive 2009/32/EC of the European Parliament in which 
DCM quantity was limited on using as an extraction 
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solvent in the production of foodstuffs and food 
ingredients [45]. 
• Decision 455/2009/EC of the European Parliament 
updated and amended the restrictions on the marketing 
and use of DCM. The use of DCM on paint stripper was 
limited for industrial and professional use in certain safe 
conditions for workers due to their high toxicity and risk 
for human health [46]. 
• Regulation 1223/2009 of the European Parliament, in which 
DCM and MCM were restricted or prohibited in the 
preparation of cosmetic products [47]. 
• Directive 2013/39/EU of the European Parliament amends 
and regards priority substances in the field of water policy 
in which TCM is included [48]. 
• Directive 2017/164/EC of the European Commission in 
which there were indicated the occupational limit values of 
TTCM and DCM for long and short time of exposure [49]. 
Spanish legislation 
Royal Decree 508/2007 [50] stablished the limit release values 
of contaminants into water necessary to be publicly 
reported, in which TTCM, TCM and DCM were included, 
among other substances. 
Chloromethanes are substances usually used as process 
agents, whose maximum amount emitted from process agents shall 
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not exceed 17 metric tons per year, within Community of the 
European Union, according to Regulation No 1005/2009/EC [51]. 
Due to this Regulation emissions of TTCM and DCM have been 
reduced in the last years, trying to achieve the objective planned by 
European Union. In this sense, Spanish government registers and 
publishes annually the emissions of TTCM, TCM and DCM since 
2009. Table 1 represents the total gas emissions of these three 
chloromethanes to the atmosphere registered in Spain from 2015 to 
2018 [52]. Analyzing the recent emission values, it seems that TTCM 
is almost in disuse, while DCM is still the predominant 
chloromethane used on the industry, despite its use have been 
limited for professional purpose, industries and laboratories. On 
the other hand, TCM showed a decreasing tendency until 2018 
when its emissions increased notably. The decrease comes mainly 
from the reduction of the activity of pharmaceutical industries for 
the production of drugs, processes where TCM and DCM are 
mainly used. Nevertheless, TTCM has diverse uses, where the main 
application in Spain are organic solvent for surface treatments, 
refining of crude oil, dumps and from the releases of wastewater 
treatment plans. 
To follow up the emissions of chloromethanes to the 
atmosphere, Directive 2015/1480 [53] stablished the norms related 
to the validation, the data acquisition and where to locate the 
measurement points to analyze and evaluate the environmental air 
quality. 
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Table 1. Total gas emissions per year of TTCM, TCM and DCM to 
atmosphere 2015-2018 in Spain. 
Compound 
Total emissions to atmosphere (metric tons) 
2015 2016 2017 2018 
TTCM 1.67 0.75 0.27 0.08 
TCM 21.00 16.96 11.86 22.04 
DCM 402.51 373.34 373.16 316.01 
 
1.1.5. Treatments 
Figure 3 represents the methodologies available for the 
treatment of chlorinated compounds [14]. 
Figure 1. Current Remediation Methodologies for Cl-VOCs. 
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These methodologies are classified in non-destructive and 
destructive. Non-destructive methods use physicochemical 
properties of chloromethanes to remove them (e.g. air stripping 
and adsorption). These techniques transfer the contaminants from 
one phase to another, therefore additional steps are needed to treat 
the polluted media. In contrast, destructive methods transform the 
Cl-VOCs molecules by breaking their C-Cl bond. Thermal 
degradation destroys chlorinated compounds in a relatively short 
period of time, but requires high temperatures, near 1000 ºC, 
increasing the treatment cost. In addition, the high cost to 
construct the incinerators and the formation of very toxic by-
products (e.g. furans, phosgene, dioxins) have restricted the 
development of this technique [54]. The conversion of Cl-VOCs 
into non-toxic hydrocarbons can be performed also by aerobic and 
anaerobic microbial processes, though this method is limited by 
the high toxicity of chloromethanes to the microorganisms. Only a 
few microorganisms can process chlorinated hydrocarbons, and it 
often takes a long time for bacteria to transform them. In particular, 
TCM is believed to inhibit the action of dechlorinating organisms, 
limiting their efficacy. Phytoremediation presents advantages due 
to their economic and ecologic features, attracting attention for the 
elimination of Cl-VOCs in recent years. Reported results showed an 
almost complete removal of TTCM without diffusion to the air or 
accumulation in tissues. Nevertheless, low removal rate and 
incomplete metabolism among other disadvantages limit its 
potential [55]. Advanced oxidation processes (AOPs) include 
ozonation, Fenton process, photocatalytic oxidation and 
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electrochemical oxidation methods. These technologies use the 
strong oxidation capacity of HO• species to decompose Cl-VOCs 
and mineralize them to CO2 [56–59]. However, these promising 
methods are highly energy-demanding and can produce 
undesirable chlorinated by-products. Reductive dechlorination is 
considered a promising method due to its high electronegativity of 
Cl atom. The final products obtained are non-chlorinated 
hydrocarbons that present low toxicity or non-toxicity at all for the 
environment. On one hand zero-valent metal/bimetal have shown 
high efficiency for the elimination of Cl-VOCs as a reductive 
dechlorination method. Its most accused drawback is the magnetic 
agglomeration of nanoparticles and the slow rate degradation of 
contaminants that may require a couple of days to accomplish the 
desired degradation rate. On the other hand, electrochemical 
reduction provides remarkable dechlorination performance of Cl-
VOCs, however, it demands high energy consumption and costly 
electrode materials, which sometimes are not as stable as desired.  
Catalytic hydrodechlorination (HDC) is one of the most 
recent and promising alternatives for treatment of chlorinated 
hydrocarbons. It can be applied for both liquid- and gas-phase. The 
process consist of the reaction of molecular hydrogen with Cl-VOC. 
The advantages are the mild operational conditions (temperatures 
below 300 ºC and atmosphere pressure) and the wide applicability 
to various chlorinated compounds, which can involve chlorinated 
methanes, ethanes, ethylenes and aromatics. Catalytic HDC 
produce methane (CH4) as the main reaction product, but under 
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certain operational conditions and modifying the properties of the 
catalyst the reaction can be selective to other hydrocarbons with 
more interest for the industry, such as ethane, ethylene, propane 
and propylene. 
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1.2. CATALYTIC HYDRODECHLORINATON 
Catalytic hydrodechlorination (HDC) is a promising 
technology that can be applied to convert Cl-VOCs into valuable 
hydrocarbons. HDC is a reductive reaction that take places when 
Cl-VOCs are reduced with hydrogen in the presence of a catalyst, 
yielding hydrocarbons (mainly methane) and HCl as by-products. 
The reaction starts with the breaking of the carbon-chlorine bond 
(C-Cl) by action of the hydrogen adsorbed on the catalysts, 
producing the corresponding hydrocarbon (reaction 1). 
 
The reaction takes place in three steps [60]: 
1) Dissociation of H2 molecule. 
2) Hydrogenolysis of C-Cl bond. 
3) Formation of new H-C and H-Cl bonds. 
The process starts with the adsorption H2 on the catalyst 
surface. Then, the chlorinated compound is also adsorbed on the 
catalyst surface, breaking the C-Cl bond by hydrogenolysis with the 
monoatomic hydrogen previously adsorbed on the catalyst surface. 
It follows by the formation of the hydrocarbon species and HCl, 
which both finally desorb. The necessity of catalysts with high 
hydrogen adsorption capacity have driven to use noble metals. The 
most used metals are Ru, Rh, Pt and Pd [61,62]. The reducing agent 
is usually molecular H2, although other hydrogen sources like 
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alcohols, salts, formic acid, isopropanol or hydrazine have also been 
employed in liquid phase reaction [63–65]. The use of molecular H2 
presents advantages in relation to other hydrogen sources because 
it increases the rate of the reaction. Catalytic HDC presents several 
advantages in comparison with other treatment processes, 
principally oxidation, such as low energy demand due to the 
relatively low temperature reaction [66,67]. Operating at mild 
conditions (100-350 ºC, 1 bar) also avoids the generation of toxic 
compounds, usually formed at high pressure and temperature [68]. 
It can be also applied for a wide range of Cl-VOC with high 
effectiveness [69–72] and for liquid and gas-phase HDC [67,73–75]. 
Although it presents all these advantages, considerably great efforts 
are made to overcome some drawbacks. Deactivation of the noble 
metal active phases can limit the efficiency of the process. 
Moreover, the deactivation mechanism is not still completely 
understood [76,77]. The active phases can deactivate because of the 
strong adsorption on these sites of chlorine or hydrocarbons 
species, produced by the HDC process [78]. The block of the porous 
texture by condensation products formed during the reaction can 
limit the access to the active phases of the reactants [79,80]. As HCl 
is produced on the process, the poisoning of the active phase by 
HCl adsorption has been also reported as relevant in the 
deactivation process [81,82]. HDC is a structure sensitive reaction 
[67,83], so catalysts can suffer numerous modifications, such as 
metal sintering or oxidation state change. These changes can 
modify the activity of the catalyst or even the selectivity 
distribution to the different products. Different supports have been 
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study for gas-phase HDC reactions, including carbon-based 
materials, metal oxides or zeolites, among others [84–92]. 
Due to the high toxicity, high stability to biodegradation and 
their dangerous properties, hydrodechlorination of chlorophenols 
and chlorobenzenes over liquid-phase [91,93–95] were one of the 
first HDC investigations performed, trying to convert them into 
more benign benzenes, phenols and arenes [86,96]. Other 
investigations dealt with the conversion of tetrachloromethane 
[90,97,98], especially since it was classified as an ozone-depleting 
substance, prohibited to be used and commercialized in EU, and 
limited in many other countries. As the use of TTCM was finally 
phased out, the industrial demand of other chloromethanes such 
TCM and DCM increased considerably, and so their emissions. 
1.2.1. Gas-phase hydrodechlorination of chloromethanes 
The removal and degradation of chloromethanes got 
relevance in the scientific community during the last years, 
resulting in an increase of the number of publications related to the 
treatment of chloromethanes by catalytic hydrodechlorination. 
Initial publications were mainly focused on the destruction of the 
reactants and their conversion into less harmful by-products 
[90,99,100]. Since then, different publications focused on the 
treatment of TCM [78,81,101], DCM and MCM [102,103] with a wide 
variety of catalysts using different active phases and support 
materials. Mori et al [81] performed catalytic HDC of TCM over 
Pd/SiO2 catalysts at temperatures from 100 to 200 ºC and 
atmospheric pressure. TCM conversion increased with reaction 
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temperature, being TCM more reactive than DCM. Reactivity 
increases with the number of chlorine atoms. Methane was the 
main reaction product at low temperature, while at higher 
temperatures, selectivity to methane decreased by increasing the 
selectivity to C2-C3-C4 alkanes such as ethane, propane, butane and 
heavier hydrocarbons. González et. al. [78] obtained similar results 
when analyzing the HDC of TCM, DCM and tetrachloroethylene 
(TTCE) and their mixtures at 200 ºC, using Pd/TiO2-washcoated 
cordierite monoliths and Pd/TiO2 powder as catalysts. They 
concluded that the reaction rates of individual chlorinated 
compounds were higher than that of their mixture, with the 
reactivity following the order TCM > TTCE > DCM. The catalyst 
acidity decreased slightly during reaction, as well as Pd dispersion, 
and oxidation states change over the course of the reaction. 
Though most of the catalysts described in the literature yield 
mainly methane, the conversion of chloromethanes into C2-C3 
hydrocarbons shows higher interest for industrial application 
[76,79,104–109]. Most of the works reporting high yields to C2-C3 
hydrocarbons use chlorinated reactants with similar molecular 
structure than those of the final desired product [76,79,106–109] 
(i.e. 1,2-dichloroethane to obtain ethylene and ethane) or produce 
C1-C5 hydrocarbons by using TTCM [104,105]. 
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Besides to the generation of valuable hydrocarbons from 
residual streams polluted with chloromethanes, another 
interesting approach is the generation of these hydrocarbons using 
chloromethanes as reagents (pure or diluted). Few investigations 
have been reported using chloromethanes as reactants for catalytic 
HDC to obtain C2-C4 products [100,110–118]. Some authors propose 
the use of chlorination-(hydro)-dechlorination processes for the 
production of valuable products such as light olefins. Recently, new 
routes were reported to convert MCM into olefins by 
dechlorination (reaction 2) [113,114,119]. This process would avoid 
the expensive production of syngas [120,121] needed in Fischer-
Tropsch, MTO and MTHC processes [122]. 
 
Wei et al [111] used HSAPO-34 catalyst to produce light 
olefins from MCM in the temperature range of 350-500 ºC. High 
initial MCM conversion values were obtained (90 %), as well as 
high selectivity to ethylene, propylene and 1-butene (70-80 %). 
However, rapid deactivation occurred after a few minutes of 
reaction time. Other studies obtained similar results in terms of 
MCM conversion and C2-C4 selectivity using HSAPO-34 catalyst at 
same operational conditions, although with fast deactivation [112–
115]. Kartashov et al [100] used Pd/Al2O3 and Ni-Mo/Al2O3 catalysts 
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in the HDC of DCM to obtain light olefins at reaction temperatures 
between 200-400 ºC. Ni-Mo/Al2O3 system was the most suitable 
catalyst to produce light olefins. Selectivity increased with reaction 
temperature and contact time. However, selectivity to MCM and 
methane were relatively high (above 15 %). Rhodes et. al. [116] 
observed by studying the HDC of DCM and TCM using Pt-Co/C 
catalyst that the selectivity to olefins was much higher in the HDC 
of TCM than DCM. This study suggested that the formation 
mechanism of unsaturated hydrocarbons is driven by the presence 
of CH species on the surface of the catalysts, while CH2 species 
result in surface oligomerization to paraffins. Martin-Martinez et 
al. [117] obtained higher selectivities to C2-C3 hydrocarbons in the 
HDC of TCM than in the DCM one, when using Pd, Pt, Rh and Ru 
catalysts supported on activated carbon. 
As chloromethanes are usually present on the industry in 
mixtures, several studies performed catalytic HDC of gas mixtures 
of chloromethanes [78,85,110,116,123]. López et. al. [110] observed 
that the increase of the number of chlorine atoms in the mixture 
resulted in a more significant inhibition effect when treating a 
mixture of TTCE, DCM and chlorobenzene using Pd/Al2O3 catalyst. 
González et al. [78] obtained similar results in the HDC of a mixture 
of TCM, DCM and TTCE. The mixture of the three compounds 
provoked the formation of coke and HCl that inhibited the catalyst 
activity. This inhibition was not observed on the HDC of the 
individual compounds. Rhodes et. al. [116] studied the HDC of an 
equimolar mixture of TCM and DCM with Pt-Co/C catalyst. 
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Selectivities to C2 and C3 hydrocarbons were higher for the HDC of 
the mixture than those of the individual compounds. On the 
contrary, long time on stream experiments performed by Arevalo-
Bastante et al. [85] showed that although TCM and DCM compete 
for the active centers when they are mixed at similar 
concentrations, the activity of both compounds was very close to 
that obtained for the individual ones using a Pt/C catalyst. Bedia et. 
al. [123] studied the HDC of mixture of the four chloromethanes 
using Pt-Pd catalysts supported on sulfated zirconia. The results 
confirmed that the reactivity depends on the number of chlorine 
atoms following the order: TTCM > TCM > DCM > MCM. Despite 
the complexity of the chloromethane’s mixture, the catalyst 
showed high stability during long time on stream, although with 
selectivity to C2-C3 hydrocarbons much lower than that to methane. 
The electronic properties of the different active phases, their 
oxidation state and their particle size were suggested to have strong 
effect on the production of C2-C3 hydrocarbons [117,124,125]. 
Martin-Martinez et al. [117] reported high selectivity to C2-C4 
products when using Rh/C and Pd/C catalysts than those obtained 
with Pt/C and Ru/C catalysts. Introducing small quantities of other 
metals such as Fe to the main active phase (Pd) was also reported 
to enhance the selectivity to C2-C4 hydrocarbons [124]. 
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1.3. INTEREST AND PRODUCTION OF LIGHT PARAFFINS 
AND OLEFINS 
Light paraffins, also called alkanes, are acyclic saturated 
hydrocarbons with a number of carbon atoms between 2 and 5, 
with a general chemical formula of CnH2n+2. Light olefins, also 
known as alkenes, present similar chemical structure with at least 
one double bond and a chemical formula of CnH2n. These 
compounds represent one of the most important raw materials in 
the petrochemical industry due to the wide use in the manufacture 
of several products. 
1.3.1. Properties and applications 
Paraffins and olefins have similar properties: they are 
colorless, non-polar and combustible. Light paraffins as ethane and 
propane are mainly produced from natural gas or separated in oil 
refinery by fractional distillation. Their application differs 
depending on the number of carbon atoms, but in general, 
hydrocarbons such as methane and ethane are used principally for 
heating purposes and electric generation. Propane and butane are 
used for burners or as fuels for road vehicles. Heavier alkanes are 
used as non-polar solvents (C5-C8), diesel fuels (C9-C16), lubricating 
oils and anti-corrosive agents (C17-C35) and road surfacing (> C35) 
[126]. Olefins can be produced by dehydrogenation of paraffins, 
being ethylene (C2H4) and propylene (C3H6) the most important 
olefins, which are the two most produced hydrocarbons in the 
world. They are mainly used as monomers in polymerization 
process to form compounds with higher number of carbon atoms 
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(i.e. polypropylene). Hereunder are summarized the most relevant 
aspects of these two compounds. 
Ethylene 
C2H4 is the hydrocarbon product most manufactured in the 
world. It is mainly used as intermediate product for the synthesis 
of organic compounds in chemical and petrochemical industry. It 
is estimated that the production of ethylene is higher than 100 
million tons, with an annual growth of 2-3 % [118]. As the global 
population has been expanding, the demand of ethylene has 
increased too, especially in the developing countries. For the last 
five years the consumption of ethylene has been increased an 
average rate of 4 % per year. 
The most important application for C2H4 is the synthesis of 
polymers such as polyethylene, propionaldehyde, vinyl chloride, 
alpha olefins, ethylene oxide and acetaldehyde; but it can also be 
used for the synthesis of vinyl acetate and ethanol [127,128]. 
Polyethylene is the product most demanded and used in blow and 
injection molding, piping, film, and so on. Ethylene oxide, obtained 
by oxidation of ethylene, is mainly used in the synthesis of ethylene 
glycol, used as refrigerant for combustion engines and as raw 
material for the manufacture of polyester fibers. Ethylene is also 
used in the synthesis of ethylene dichloride, which is highly 
demanded because its use for synthesizing vinyl chloride, the 
monomer of polyvinyl chloride (PVC), used for manufacturing 
materials for construction, domestic, packaging, wires and cables, 
automotive, clothing, medical applications, etc. 




C3H6 is the second most important olefin. It is mainly used 
in the synthesis of intermediate compounds. Its demand has 
increased in the last few years due mainly to the high demand of 
polypropylene thermoplastic polymer. In fact, propylene needing is 
predicted to double in the next 20 years [129]. 
Propylene is used for the synthesis of important monomers, 
polymers and intermediates chemicals, because of its simple and 
unique structure. As feedstock, is used to produce polypropylene, 
polypropylene oxide, isopropyl alcohol, acrylonitrile, cumene, 
phenol, among others. However, the most demanded derived 
product from C3H6 is polypropylene, which last year global 
production was 55.5 millions of tons [129]. In 2018, 30 % of 
polypropylene produced was used on the processing of films, bags 
and sacks, 28 % used on the production of rigid packaging and 
containers for food and beverages; and the rest was used on 
injection molding [130]. 
Propylene oxide is produced in major scale due to the 
production of polyether polyols to make polyurethane plastics, due 
to its chiral chemical structure. Acrylonitrile monomer is also used 
to manufacture polyacrylonitrile and other useful plastics. Other 
derivatives of propylene are cumene, butyraldehyde and acrylic 
acid, all used as chemical intermediates for producing polymers or 
plasticizers. 
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1.3.1. Olefins industrial processes 
Ethylene and propylene are manufactured by diverse 
processes in different quantities. Although numerous alternatives 
to produce olefins have appeared, the most important industrial 
process is thermal cracking or steam cracking (SC) of hydrocarbons 
from gaseous feedstock of ethane, propane, butane, liquefied 
petroleum gas and steam cracking of naphtha [131]. Steam cracking 
produces 95 % of the world’s ethylene production, and 60 % of 
world’s propylene, as a by-product of the process [132]. However, 
SC furnaces operate at high-energy demand (the pyrolysis section 
consumes more than 65 % of the total energy) and produce large 
amount of greenhouse emissions. This drawback limits the use of 
this process in the future. New technologies have been addressed 
to overcome the problems of the existing procedures for olefin 
production. 
Methanol to Olefins 
The methanol to olefins (MTO) process is an alternative to 
the classic technologies to obtain olefins. Figure 4 represents the 
process flow diagram of a MTO process unit. The first MTO unit 
(600,000 tons per year) was installed in China in 2010 [133]. 
Nowadays, MTO is considered one of the best alternatives to 
produce olefins with non-oil resources. It is usually performed with 
two catalysts: silicoaluminophospates (SAPOs) and zeolites, due to 
their hydrothermal stability, proper acidity and ordered 
microporous textures. However, methanol conversion into olefins 
present some scientific and technical difficulties when considering 
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commercial application: 1) to control the selectivity to the desired 
products by deeply understanding the reaction and deactivation 
mechanism; 2) to develop efficient catalysts for their application 
and study the interaction of the synthesis method and the catalyst 
properties with its reaction performance; 3) scaling the process up 
requires commercial available raw materials; 4) to find out an 
appropriate reactor for optimal reaction conditions and explore the 
commercial availability. For many years, the MTO mechanism has 
been controversial and many mechanisms have been proposed and 
published in the literature [115,134–140]. Because MTO reaction 
occurs at temperatures between 350-500 ºC, coke formation is the 
principal deactivation factor [141]. Cheaper synthesis methods are 
still needed for large scale production of catalysts for this process 
in industry [142]. The high energy consumption of MTO, as well as 
its NOx and SO2 indirect emissions to the environment as a result 
of the whole industrial process, which are reported to be more than 
10 tons per year [143,144], demand further investigations for 
operating with more environmental friendly conditions. 
Figure 4. Process flow diagram methanol-to-olefins process 
[144]. 
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Oxidative coupling of methane (OCM) 
This promising synthesis route overcome the need of using 
the highly endothermic process of reforming. OCM have been one 
of the most challenging topic of the catalysis community. However, 
there are still more improvements on designing an appropriate 
reactor to obtain high yields to ethylene, considering the high 
exothermicity of the reaction, before contemplating OCM as an 
alternative to SC for the production of olefins at industrial scale 
[145,146]. Recent studies are focused on novel reactor designs and 
the development of new catalysts, to make this process more 
economically competitive (Figure 5). There are two main catalysts 
that perform reasonable yields: one class are based on La2O3, doped 
with alkaline-metals (Sr, Mg and Ca mainly) [147–149], and the 
other class are denoted as Mn/Na2Wo4/SiO2 [150]. More recent 
investigations showed that nanostructured catalysts, as nanofibers, 
nanowires and nanorods, can activate methane molecule at lower 
temperature, increasing OCM performance in comparison with the 
powder-form catalysts. Some companies, as Siluria Technologies 
Inc. announced few years ago the first commercial OCM process, 
in which nanowire catalysts were reported to work at temperatures 
below 600 ºC. Nevertheless, the yield to C2 products did not reach 
the target of 25 %, although the process was stable during long 
periods of time at low temperatures [151,152]. Thermal control is 
essential for OCM process. In this sense, three options have been 
considered as possible: microchannel reactors, membrane reactors 
and staged reactors [153]. Different studies have reported designs 
for fluidized-bed reactors, which is considered nowadays the best 
Introduction – Interest and Production of Light Paraffins 
and Olefins 
53 
reactor configuration for OCM, because of its better heat-transfer 
than any kind of packed-bed reactor [145,154,155]. Further 
investigations are still required to consider OCM as an industrial 
alternative for the production of ethylene and other olefins. 
Figure 5. OCM Process [155]. 
Propane dehydrogenation 
This process produces propylene directly and almost with 
total selectivity from propane [156]. It is an economy and profitable 
process that have been patented and commercialized by two 
companies, Oleflex (UOP) and Catofin (Lummus) technologies 
(Figure 6). Both techniques use catalysts based on alumina 
support: Pt-Sn/Al2O3 and CrO3/Al2O3 for Oleflex and Catofin 
processes, respectively. Because the reaction is highly endothermic 
and equilibrium-limited, high temperatures and low pressures are 
preferred. The high temperatures needed make difficult to reach 
high selectivity to propylene and promote side reactions, and 
therefore, coke deposition. The introduction of a regeneration step 
affects the catalysts and does not fully recover the initial catalytic 
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activity [157]. The process has been successfully commercialized, 
but more advances must be achieved such as lowering the noble 
metal loading and increasing the stability. There are some 
strategies to swing equilibrium to the products: 1) lower partial 
pressure; 2) lower the in situ hydrogen combustion (more 
interesting cause the combustion heat promotes dehydrogenation 
step); and, 3) remove hydrogen from the reacting system by using 
selective membranes [158]. 
Figure 6. Oleflex dehydrogenation unit schematic representation [157]. 
 
Fischer Tropsch Synthesis 
Fischer Tropsch Synthesis (FTS) is an additional technology 
for producing olefins by converting syngas into hydrocarbons. In 
this case, syngas (gas mixture of CO and H2) reacts converting it 
into wide-ranging of products, mainly alkanes, 1-alkenes, alcohols, 
ketones and aldehydes. Figure 7 represents a Fischer-Tropsch 
synthesis process diagram [159]. The catalysts mainly used on the 
industry are based in iron and cobalt [160]. FTS is now working 
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industrially only in a few countries with scarce of crude oil, as South 
Africa (four plants operated by Sasol) and Malaysia (one plant 
operated by Shell). There are two additional plants operating in 
Qatar, exploited between Qatar Petroleum and Sasol, and the other 
one joined between Qatar Petroleum and Shell. The latter is the 
largest FTS plant producing 140,000 barrels per day [159,161]. 
Although industrial application has been carried out successfully in 
several cases, FTS process viability depends on the price 
fluctuations of both oil and gas. The product distribution is 
determined mostly by the temperature: at low temperature high-
molecular linear waxes are mainly produced, while high 
temperatures benefit the production of 1-alkenes and other 
products with similar molecular weight [162]. The reaction is highly 
exothermic and four technologies based on different reactor 
designs have been considered, namely, circulating fluidized-bed 
(CFB) reactor, fixed-fluidized-bed (FFB) reactor, multi-tubular 
fixed-bed reactor and slurry phase reactor. Despite the different 
options considered, slurry bed reactor is the most advanced reactor 
design that operates at low temperatures, increasing the selectivity 
to longer hydrocarbons and limiting the yield to methane. 
However, selectivity values are still far from desired [163,164] so 
further investigations are needed, in order to improve catalyst 
design and increase the resistance to sulfur poisoning. 
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Figure 7. Fischer-Tropsch synthesis process diagram. 
 
Other technologies 
Other alternative technologies use feedstock as biomass and 
waste streams. These technologies are still under research, and can 
be considered useful as complementary processes, rather than 
complete substitute for fossil fuels resources. The use of coal as 
feedstock is questionable due to its environmental impact and the 
very low efficiency, since it produces huge CO2 emissions. The 
aforementioned alternatives should be more competitive and 
focused on olefins production. Although several of these 
technologies are potential alternatives for the SC process, further 
improvements are still needed, especially on catalysts and reactor 
designs [146]. 
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1.4. CATALYSTS FOR HDC REACTIONS 
The physicochemical properties of the catalysts are 
influenced by the active phase and the support used. 
Consequently., different investigations have been carried out using 
different support materials and various active phases. The main 
physicochemical properties analyzed are the support porous 
structure, support surface chemistry and acidity, and the oxidation 
state and particle size of the active phase. Below are detailed the 
most common metals and support materials reported in the 
literature for catalytic HDC and related with this PhD Thesis. 
1.4.1. Active phases 
As catalytic HDC is an hydrogenation reaction, noble metals 
are the most commonly used and studied active phases due to their 
high hydrogenation-dehydrogenation capacity [74,102,165–167]. Pd, 
Pt, Ru and Rh have been the most used active phases analyzed in 
the literature for catalytic HDC, although some other have been 
employed. However, their performance seems to be very different 
in terms of activity and selectivity, being these differences related 
to their oxidation state, particle size and support interaction. 
Catalysts prepared by supporting Rh, Ru, Pt and Pd on activated 
carbons resulted very effective on the HDC of chloromethanes such 
as TTCM, TCM and DCM [102,105,168,169]. Bonarowska et al. [168] 
compared the hydrogenolysis performance of C-C and C-Cl bond 
using Pd-Re/Al2O3 catalyst on the HDC of DCM. They concluded 
that Pd is significantly more active than Re on the hydrogenolysis 
of C-Cl bond, while the latter is superior on splitting C-C bond. The 
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addition of Re to Pd/Al2O3 catalyst decreased its activity on the 
HDC of DCM after a few hours of reaction, while the monometallic 
catalyst with Pd showed to be more stable. However, it was shown 
that Re is active on the dechlorination of chloromethanes, being its 
binding stronger with the reaction intermediates than with 
reactants, and no selectivity to C2-C3 dechlorinated hydrocarbons 
were reported. Aristizábal et al. [102] reported that Pd/Al2O3, 
Pd/TiO2, Pd/ZrO2 and Pd/SiO2 catalysts were more active on the 
HDC of DCM than the Ni-based catalysts. Pd showed higher 
activity at 200 ºC than the other catalysts, although its activity 
rapidly decreased under reaction mixture when supporting it on 
TiO2. On the other hand, Pd/Al2O3 catalyst showed good activity 
and resistance to deactivation after 48 h on time on stream 
reaction, while the other catalysts showed moderate activity. Pd, 
Pt, Rh and Ru activities were compared in the HDC of DCM on 
other study, using activated carbon as support material [169]. The 
four catalysts showed high activity and selectivity to non-
chlorinated compounds (above 80 %); nevertheless, they showed 
significant differences on their stability patterns. In all cases, 
methane was the main reaction product and the selectivity did not 
vary considerably upon time-on-stream. Pd/C catalyst showed 
relatively high selectivity to ethane and Ru and Rh produced a wide 
range of hydrocarbon compounds up to four carbon atoms. 
However, though Pt catalyst showed the highest stability, with 
constant DCM conversion after 65 h under reaction conditions, it 
rendered only methane and MCM. Ru suffered significant loss of 
activity in comparison with Pd, which was much lower, while Rh 
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catalyst showed better performance. All catalysts suffered 
poisoning of active centers by adsorption of chlorinated reactants 
intermediates and/or reaction products. Nevertheless, Pd and Rh 
showed better resistance. The loss activity of Ru seemed to be 
provoked by metal particles sintering, although poisoning 
contribution could not be rejected. Bonarowska et. al. [105] studied 
bimetallic catalytic system of Ir with Pt, Pd and Au for the HDC of 
TTCM. Au and Pd did not improve TTCM conversion in 
comparison with monometallic Ir catalyst, although their addition 
resulted in higher stability and selectivity to the desired products 
(methane and light hydrocarbons). Alvarez Montero et al. 
performed HDC experiments using Pd/C catalysts for the gas-phase 
hydrodechlorination of DCM and TCM [73,170]. TCM conversion 
was complete at 100 ºC for all the space-times investigated. At the 
same time, DCM, conversion was in all cases higher than 97 % 
between 150 and 350 ºC of reaction temperature. In contrast, MCM 
conversion was much lower, with a highest conversion value of 34 
% obtained at a reaction temperature of 250 ºC and a space time of 
1.73 kg·h·mol-1. The selectivity to non-chlorinated products was 
higher than 80 %, mainly to methane. Martin-Martinez et al. 
confirmed the higher selectivity of Pd to produce dechlorinated 
hydrocarbons with more than one carbon atom [117] by the HDC of 
DCM and TCM individually. The selectivity to C2-C3 compounds 
in the HDC of TCM was higher with Pd/C catalyst even at lower 
reaction temperature (175 ºC), than the obtained with Ru/C, Rh/C 
and Pt catalysts at 250 ºC. The HDC of DCM yielded mainly 
methane with the four catalysts. In addition, the turnover 
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frequency (TOF) of Pd/C was higher than the obtained with Ru/C, 
Rh/C and Pt/C catalysts on the HDC of a mixture with both 
chloromethanes (DCM and TCM). 
Oxidation state of the active phase seems to be relevant for 
the catalytic selectivity and stability in the HDC of chloromethanes. 
In this sense, some investigations were conducted to study the 
stability and the causes of catalyst deactivation on the HDC of DCM 
and TCM using different support materials and active phases 
[39,72,117,170–172]. For example, Pd, Pt, Rh, Ru and Pd-Pt bimetallic 
particles were compared to study the differences of oxidation state 
by using carbon and/or sulfated and tungstated zirconia catalysts 
[171]. It was found that zero-valent species of metal supported 
catalysts increased the selectivity to methane, in detriment of the 
formation of hydrocarbons with more than one carbon atom. On 
the contrary, higher proportions of Pdn+, Rhn+ and Run+ in metallic 
species yielded to a wide range of hydrocarbons heavier than 
methane [39,82,117]. The high stability of Pt/C catalysts on the HDC 
of DCM and TCM, which did not show relevant deactivation after 
26 days [117], was attributed to the higher proportion of zero-valent 
species (Pt0) on the catalyst surface, besides the small metal particle 
size. Pt0 seemed to be more resistant to be poisoned by the 
adsorption of reactants and compounds formed by the reaction 
than electrodeficient one. In addition, it was observed that the 
active phase suffered re-dispersion during the reaction provoked by 
the chlorine atmosphere of the reaction conditions, as previously 
reported by other studies [166,173]. Martín et al.[82] confirmed the 
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high stability of Pt by comparing the HDC of DCM and TCM with 
Pt/C and Pd/C catalysts. Pd/C catalyst showed more severe 
deactivation after 90 hours on stream reaction than Pt/C, especially 
on the HDC of DCM. The deactivation was attributed again to the 
lower proportion of Pd0 than Pt0 and higher particle size, inhibiting 
H2 dissociation and favoring the irreversible chemisorption of the 
produced compounds on the catalyst surface. The chemisorption 
of these species formed carbonaceous deposits, reducing the 
number of active phase centers available and finally, decreasing the 
catalyst stability. 
Noble metals are resistant to oxidation, although, they 
present relatively low resistance to sintering process, which results 
on increment of particles size and the decrease of active phase 
dispersion, what among other aspects, can affect to the catalytic 
activity [174–176]. In the case of Pd, Ramos et al. [175] observed that 
sintering occurred at high reduction temperatures. The smallest Pd 
particles showed higher activity and resistance to be poisoned by 
chlorine accumulation on the surface than the biggest particles of 
the Pd, Rh and Ru catalysts, supported on carbon materials [175]. 
Particle size has also showed relevant influence on the HDC 
selectivity [90,177,178]. Gómez-Quero et al. observed that HDC 
selectivity depended on the Pd particle size at a controlled pH acid, 
while selectivity at pH basic was insensitive to Pd particle size [178]. 
One proposed strategy is to prepare carbon supported 
bimetallic catalysts that combine the higher activity of Pd and the 
higher stability of Pt [66,171,179–186]. In these studies, in 
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comparison with monometallic ones, bimetallic catalysts showed 
higher stability for longer period of time at reaction conditions, due 
to their higher resistance to be poisoned by HCl [179,180]. 
Furthermore, the activity was even increased with bimetallic 
particles [66] and also the selectivity to certain products [181,182]. 
Promising results were obtained by using Pd-Au/C catalyst on the 
HDC of TTCM at 90 ºC, achieving conversion values of 92 %, a 
selectivity to non-chlorinated products of 80 % and high stability 
with no deactivation after 70 hours of reaction. On the other hand, 
Meshesha et al. [181] analyzed a Pd-Cu/Al2O3 catalyst in the HDC 
of TCE. It was observed that isolated Pd particles were more 
selective to ethane, while bimetallic particles of Pd-Cu resulted in 
higher yield to ethylene. The better performance of the bimetallic 
catalysts was partially attributed to the higher dispersion values as 
a consequence of the interaction between the two metals, which 
was also observed on other studies [183–185]. Bedia et al. [171] 
studied Pt-Pd bimetallic particles supported on sulfated (SO42-, Pt-
Pd/SZ) and tungstate zirconia (WO3, Pt-Pd/WZ) catalysts on the 
HDC of DCM. Good results were achieved in terms of activity, 
stability and selectivity to non-chlorinated products, with 
conversion values above 90 % at 250 ºC. The best performance was 
obtained with sulfated zirconia catalysts due to the higher metallic 
dispersion, as a result of their higher surface acidity [186]. These 
catalysts also showed higher stability with no deactivation after 80 
hours of reaction due to the higher adsorption-desorption and 
spillover capacity of reactants and products, enhancing the 
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hydrogenation of chlorinated products and hindering the 
irreversible adsorption on the active centers. 
The study of adsorption/desorption enthalpies of reactants 
on metallic species by Density Functional Theory Analysis (DFT) 
can, in some cases, explain the activity and the selectivity of 
metallic catalysts on HDC reactions. Different studies reported that 
this methodology could explain the interaction of Pd with DCM 
and H2 [82,187–191]. The quantum calculations showed low 
enthalpy values for the activation of H2 on Pd clusters induced by 
dissociative adsorption. It was also observed that DCM could be 
adsorbed on both Pd species, Pd0 and Pdn+, but the dissociative 
adsorption of DCM on Pdn+ was highly favored, corresponding to a 
chemisorption process. Other studies have performed calculations 
to study bimetallic catalytic system in the HDC of TCM and the 
dechlorination energy barriers related to the process [192]. 
1.4.2. Support Materials 
Catalytic HDC reaction of chloromethanes is carried out in 
the presence of a catalyst, which activity is governed by its 
physicochemical properties, that highly depends on the active 
phase, the employed support and the synthesis methodology. 
Hereunder are resumed the most common used supports involved 
in catalytic HDC processes, and how their chemical nature affects 
to the catalytic performance. 
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The most used supports reported on the literature are 
carbon materials, metal oxides or zeolites, among others 
[39,85,90,101,102,193]. 
Activated carbons have been widely studied as support 
materials for catalysis applications due to their relatively low price 
and the different methodologies available to prepare them from 
economic raw feedstocks. In particular, activated carbons have 
been used for supporting Pd among other active phases for catalytic 
HDC [84,194–196]. The activation procedure selected to synthesis 
the activated carbon support can affect the catalytic performance. 
Pd catalyst supported on activated carbon synthesized by steam 
gasification at high temperature showed higher selectivity to 1,3-
cyclohexadione on the HDC of resorcinol, in comparison with the 
Pd catalyst supported on activated carbon prepared by chemical 
impregnation with phosphoric acid [194]. On the other side, the 
latter catalyst resulted to be more active in the debenzylation of 
ethyl benzyl aniline. It was confirmed that the activation with 
phosphoric acid provoked the formation of a more polar and 
irregular surface, with more amount of surface functional groups, 
than the activation with steam. Introducing oxygenated surface 
functional groups by treating with nitric acid, is also very 
interesting for certain hydrogenation reactions. Lazzarini et. al. 
[195] studied the influence of carboxylic and carboxylate groups on 
two hydrogenation reactions. They demonstrated that oxygen 
surface groups decreased the Pd dispersion and caused the 
appearance of a significant induction time in both hydrogenation 
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reactions. The activated carbon with more oxygenated groups on 
the catalyst surface resulted on better hydrogenation reaction of 
polar substrates, while the absence of them, especially carboxylate 
groups, favor the hydrogenation of nonpolar substrates. Another 
study conclude that the introduction of oxygenated groups on 
activated carbon such as carboxylic acid and hydroxyl, increased 
the adsorption of chloromethanes in the order of TCM > DCM > 
MCM [197]. The presence of different halide ions on the surface of 
activated carbon supports can also affect the size of Pd particles and 
its distribution [198]. 
Different deactivation mechanism has been reported on the 
literature involved on catalytic HDC with activated carbon 
supports [166,199]. Ordoñez et. al. [166] reported higher formation 
of carbonaceous deposits on Pt-based catalysts supported on 
activated carbons than Pd-based catalyst, increasing the activity of 
the latter catalyst; while Tang et. al. [199] ascribed catalytic 
deactivation to the sintering of Pd particles produced by the loss of 
surface nitrogen (mainly pyridinic and pyrrolic nitrogen) on 
nitrogen-doped supports, destabilizing and increasing the Pd 
particles size. This phenomenon was not observed on the non-
doped activated carbon catalysts. Pd particles morphology present 
differences depending if they are deposited on amorphous or 
structured carbon materials. Amorim et al [86] observed that Pd 
particles supported on activated carbon displayed globular 
morphology, whereas supporting Pd on graphite and graphitic 
nanofiber were mainly faceted, as a result of stronger metal-
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support interaction. It gave rise to a higher activity of Pd catalysts 
supported on graphitic nanofiber and lower stability for the 
catalysts supported on the activated carbon material, on the gas-
phase HDC of chlorobenzene. 
The oxidation state of the active phases also depends on the 
support nature, the metal precursor and the synthesis process of 
the catalysts [92,200–204]. Babu et al [92] suggested that the higher 
Pdn+ species present in a catalyst of Pd supported on TiO2 was 
provoked by the better salt-support interaction. The electron 
transfer would be easier from Pd to TiO2 using Pd-chloride 
precursor and preparing by deposition-precipitation (DP) method, 
than using nitrate precursor or preparing by conventional 
impregnation. It resulted in a higher HDC activity and stability on 
the chlorobenzene reaction to benzene, with the catalyst prepared 
by DP using Pd-chloride precursor. Simonov et al [200] studied 
similar phenomena on Pd supported on carbon materials. They 
observed that different carbon supports could affect to the 
physicochemical properties of Pd particles, determining the 
oxidation state, deposition place and their accessibility to the 
reagents. Other studies showed that the high interaction between 
the precursor and the support can lead to an almost total formation 
of electro-deficient species of the active phase on the surface [201]. 
Although electro-deficient species are related with higher 
production of hydrocarbons with more than one carbon atom in 
catalytic HDC, it is necessary a balance between metallic and 
electrodefficient species for proper catalytic performance. 
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Other metal oxide materials such as CeO2 and ZrO2 has been 
also used in HDC studies [171,205]. Pt-CeO2 catalyst showed high 
selectivity to ethane and ethylene on the HDC of TCE [205]. The 
strong interaction between the active phase and the ceria material 
plays an important role on the selectivity distribution. However, 
the highest TCE conversion value obtained was 50 % that decreased 
down to 29 % after 20 hours on stream. In a study where the HDC 
of DCM using monometallic and bimetallic catalysts based on Pd 
and/or Pt supported on tungsten- and sulfated-zirconia [171] was 
performed. The highest selectivity to the products of interest was 
obtained by tungsten-zirconia supported catalysts. 
Zeolites are very interesting materials for catalytic HDC, as 
they have tunable properties such as textural porosity, acidity and 
crystalline structure. Because catalytic HDC is a structure sensitive 
reaction, zeolites present additional advantages due to their 
capacity to encapsulate metal nanoparticles, protecting them from 
aggregation and sintering. The encapsulation of nanoparticles on 
cages and channels with different size can improve as well catalytic 
activity and stability [206]. There are numerous publications about 
using zeolites on catalytic HDC for liquid phase [70,207,208]. 
However, their application in gas phase HDC is less common, 
despite certain advantages have been observed in comparison with 
other catalysts [109,209–213]. Śrebowata et al. obtained very high 
selectivity to ethylene (75 %) on the HDC of 1,2-dichloroethane 
using AgCu bimetallic particles supported on Si-β zeolites [209] 
and Ni particles supported on BEA zeolites [210]. Although 
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chloroethane compounds are more reactive than chloromethanes 
in HDC reaction, the stabilization of both catalysts was very poor 
on both studies, in which conversion decreased down to 6 % after 
few hours on time on stream. Pd and Pt zeolite catalyst have also 
been used on HDC of TTCM and dichlorodifluoromethane [211,212]. 
Pd-zeolites showed higher selectivity to C2 and C3 hydrocarbons 
than Pt-zeolite catalysts. It was observed that bonds formed 
between Pd atoms and TTCM molecule are stronger than with Pt, 
what increase the possibility of introducing a hydrogen atom into 
the same TTCM fragment using Pd than Pt. This resulted in higher 
formation of methane with Pt-zeolite catalysts, and more of ethane 
with Pd [212]. 
Next section summarizes the main properties of activated 
carbons and zeolites, the two supports employed on this PhD 
Thesis. 
Activated carbons 
Activated carbons (ACs) are amorphous carbonaceous 
materials with a highly developed porosity. They can be prepared 
by using almost any organic feedstock, even residues from 
agriculture or industry, with high organic content and low 
inorganic content. The use of agriculture residues as feedstock to 
prepare ACs is considered as treatment and management of 
industrial residues. The structure of ACs can be constituted by 
microcrystallines [214,215], non-graphitic [216] and/or amorphous 
[217–219] form of carbon. The common ACs are constituted by 
microcrystals with graphitic structure, where planes of graphene 
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are not ordered and randomly oriented, with high disorder degree 
and high specific surface area. Figure 8 shows a schematic 
representation of an AC structure [220]. The stacking layers 
provoke the formation of porosity structure characteristic of the 
activated carbons. 
 
Figure 8. Schematic structure of an activated carbon. 
 
The porosity distribution is classified according to IUPAC in 
microporous (below 2 nm), mesoporous (between 2 and 50 nm) 
and macroporous (above 50 nm). There are two main activation 
methods: chemical activation and physical activation [221,222]: 
• Chemical activation involves physical mix of the carbon 
precursor with chemicals agents such as NaOH, KOH, H3PO4, 
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FeCl3, among others. The chemical agent dehydrates the carbon 
precursor and inhibits the formation of undesired products, usually 
formed on the carbonization stage. It commonly reaches higher 
carbon yield than physical activation. The most relevant factor in 
this process is the ratio between the chemical agent activator and 
the carbon precursor. When using strong bases (NaOH and KOH) 
is necessary a previous carbonization of the carbon precursor, to 
avoid its direct degradation in the mixing step with the chemical 
agent. Then, the precursor-activating agent mixture is activated by 
thermal treatment at temperatures between 400 and 1000 ºC, 
depending on the chemical agent used and under inert atmosphere 
(e.g. N2). The resulting solid is washed to remove remaining 
reaction products and possible residues of the activating agent, 
releasing the porous texture of the final activated carbon. Usually, 
strong bases yield to microporous activated carbons with high 
surface areas. The porosity can be customized by selecting the 
appropriate activating agent, mass ratio and activation 
temperature. 
• Physical activation involves two steps: carbonization and 
activation. Carbonization involves the formation of a char that 
usually presents poor porous texture. The carbon yield achieved is 
related with the biomass composition because carbonization 
removes the majority of the heteroatoms (non-carbon elements). 
Subsequently, the gasification step removes more reactive carbon 
atoms, creating the porosity and the final activated carbon 
structure. Activation with H2O and CO2 reagents usually enlarge 
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the carbon porosity, that result in ACs with mostly meso- and 
macropores. Gasification at low temperatures is chemically 
controlled, generating narrow porosity, in contrast to high 
temperatures, which usually produce wider pores by a diffusion-
controlled process. 
Activated carbons are widely used as adsorbents, 
representing one of the oldest adsorbents known [223] due to their 
high specific area. They are also used in other extended 
applications such as separation, purification, energy storage[224], 
catalytic supports or even as catalysts by themselves [224–226]. Due 
to their high thermal stability and mechanic and chemical 
resistance, they are interesting for heterogeneous catalysis [175]. In 
addition, ACs present high proportion of structural defects, 
heteroatoms and vacants linked to the oxygenated groups on the 
surface. These functional groups are responsible of the majority of 
the properties of ACs, such as acid-base properties or hydrophobic 
capacity, among others [221,227–232]. 
Zeolites 
Zeolites are aluminosilicates microporous minerals used 
commonly for adsorbent applications and catalysis. These 
materials are natural but can be industrially produced on large 
scale [233]. Their structure present high crystallinity and porosity, 
with an internal diffusional structure accessible for certain 
compounds. Their inner structure also can present cavities and 
cages of different size that can be filled with big ions and/or water 
molecules, both with liberty to diffuse. Their structure is formed by 
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interlinked tetrahedra of alumina (AlO4) and silica (SiO4), that 
confers to the zeolite high thermal and mechanical stability. They 
present also chemical resistance because they do not dissolve in 
water or other inorganic solvents, and do not oxidize in air 
atmosphere. As Si is tetravalent and Al is trivalent, SiO4/2 are 
neutral units while AlO4/2 tetrahedra are negatively charged. This 
charge is usually compensated with extra-framework cations, 
typically alkali and alkali earth metals. Hydrated zeolite 
composition formula is usually expressed as: ǀ Mx/n, (H2O)zǀ [(AlO2)x (SiO2)y] 
where M is the extra-framework cation with n valence, and x, y are 
appropriate values of molar concentrations of Al and Si in zeolite 
framework, and z is the molar concentration of H2O. 
There are no Al-O-Al linkages on the zeolite framework, 
obeying the Lowenstein rule [234]. The Si/Al proportion can give 
an idea of the acidic/basicity of the zeolite, where the higher Al 
quantity, higher the acidity is and lower the stability. Al atoms can 
be substituted by other elements, e.g. Zr, B, W, Ti. Some zeolites 
can be formed by only siliceous atoms (Si/Al = ∞). Due to the 
possibility of designing and modifying some of their properties, 
zeolites have great potential for a wide range of applications, such 
as agriculture [235], technical [234], biomedical [236] and industry 
[234,235]. These applications are usually related to their porous 
structure, their bi- or tri-dimensional channel distribution and to 
their ion exchange properties. As intern channels and porous are 
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dimensional limited, zeolites are selective for certain adsorbent 
molecules that may can penetrate into zeolite cavities. The 
dimensions of channels and cages depends on the formulation and 
the disposal of these tetrahedra structures. In addition, 
interchanging Al for other metals such as W can introduce different 
cages units in the zeolite structure or broadening the channel 
dimensions. Figure 9 represents four possible zeolites structures 
with their micropore systems and dimensions [237]. 
 
Figure 9. Structures of four selected zeolites: their micropore 
systems and dimensions. 
 
Depending on the reaction mechanism, some intermediates 
can be formed inside the zeolite channels or into cages. These 
intermediates lately form the final products that are desorbed and 
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leave the inner structure. However, the products formed into the 
cages must have the appropriate dimensions to be formed and 
desorbed. In certain architectures structures, cavity dimensions 
can influence the formation of bigger intermediates, defining the 
product selectivity distribution. This is called “steric effect” which 
has been observed on many catalytic reactions with zeolites 
catalysts [238,239]. Zeolite have also been widely applied and 
studied due to their capacity to modify acid properties by ion 
exchange method which has also been determinant for certain 
applications [240,241]. In addition, zeolites applications are not 
limited to catalysts applications. 
Other uses are related with environmental protection, 
medicine and hygiene or gas treatment. This new applications have 
led to the creation of new materials based on zeolites, such as 
selective membranes [242], chemical sensors [243,244] or even for 



















The aim of this PhD Thesis is the HDC of 
chloromethanes to produce hydrocarbons with more than 
one carbon atom (other than methane).  
In the first study, it was necessary to identify the best active 
phase to use on the following investigations. Computational 
simulation and quantum-chemical calculations by DFT was 
developed to study the mechanism for the catalytic HDC reaction 
of TCM and DCM using palladium, platinum, rhodium and 
ruthenium model metallic clusters. Then, experimental tests were 
performed experiments to confirm the simulation results. This 
study achieved the partial objectives described hereunder. 
1. Molecular simulation: 
a. Study of the thermochemical data to describe the HDC of 
chloromethanes reaction pathway. 
b. Identification of stable catalytic intermediates on the 
catalyst mechanism to obtain products with more than 
one carbon atom. 
c. Analysis of the formation of these intermediates on the 
different metallic active phases considered. 
d. Evaluation of the energy barriers to identify the best active 
phase to valorize chloromethanes to obtain ethane and 
ethylene products.
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2. Synthesis, characterization and evaluation of Pd, Pt, Rh and 
Ru-based catalysts supported on commercial activated 
carbon: 
a. Comparison of the conversion of TCM and DCM in 
the HDC reaction and influence of reaction 
temperature with all the catalysts. 
b. Study of the reaction temperature influence on the 
selectivity distribution with all the catalysts. 
c. Identification of the active phase with the best 
performance in terms of conversion of the 
chlorinated reactants and the selectivity pattern. 
d. Stability evaluation with the best catalyst through 
long time on stream experiment. 
 
Second and third annexed works analyzed structure-
performance relationships with Pd supported on different activated 
carbon catalysts. The activated carbon supports were synthesized 
by chemical activation with different chemical agents. These 
studies achieved the following intermediate objectives. 
1. Synthesis, characterization and evaluation of Pd-based 
catalysts supported on activated carbons obtained through 
chemical activation with five different chemical activating 
agents: 




b. Evaluation of the catalytic activity and selectivity of 
the five catalysts on the HDC of TCM. 
c. Analysis of the stability using the best catalyst in 
terms of TCM conversion and selectivity to products 
with more than one carbon atom. 
2. Analyze the effect of carbon surface chemistry and reaction 
conditions on the selectivity to olefins: 
a. Effect of the reduction temperature on the catalytic 
activity. 
b. Analysis of the H2/TCM molar ratio on the activity 
and selectivity to olefins. 
c.  Study of the stability test at best conditions. 
d. Stablish relationships between the properties of the 
catalysts and their catalytic activity and selectivity 
(structure-performance relationships). 
 
To apply the knowledge acquired from the previous 
investigations to obtain olefins with other supports, the fourth 
study analyzes the HDC of TCM and DCM using Pd-based catalysts 
supported on commercial and modified zeolites. The objectives 
achieved in this study were: 
1. Synthesis and characterization of Pd catalysts supported on 
commercial and modified zeolites. 















This work gave rise to the development of new Pd supported 
catalysts that selectively transform residual chloromethanes into 
C2-C3 alkanes and olefins by catalytic hydrodechlorination. 
Moreover, knowledge was gained on the effect of physico-chemical 
properties of the catalysts and reaction conditions on the catalytic 
activity, selectivity and stability. 
The next three blocks, summarized the most relevant 
results: 
1. Identification of the best active phase for catalytic HDC 
of chloromethanes to obtain ethane and ethylene: 
• DFT analysis showed that only Pd and Rh are able to 
form the reaction intermediates necessary for the generation of 
ethane and ethylene. Rh showed a much higher desorption energy 
of the final products than Pd, which makes the latter the most 
suitable for the valorization of chloromethanes. 
• The four catalysts tested, namely, Pd/CM, Pt/CM, 
Rh/CM and Ru/CM, were active for the HDC of TCM and DCM 
between 200 and 400 ºC of reaction temperature. However, as the 
simulation results predicted, Pd/CM catalyst showed the highest-
dechlorination degree and selectivity to ethane and ethylene, at the 
reaction conditions investigated. Pd/CM catalyst also showed good 
stability in the HDC of TCM and DCM, without signs of 
deactivation for 50 h. No changes were also observed in the 
selectivity patterns. 
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2. Catalytic hydrodechlorination of TCM with Pd-based 
catalysts supported on activated carbons prepared from 
lignin: 
• All the catalysts were active for the HDC of TCM and 
the production of C2 and C3 hydrocarbons. However, the activating 
agents provided important differences in the characteristics of 
activated carbon supports, such as porous texture, surface acidity, 
Pd oxidation state and Pd particle size distribution, and hence in 
the resulting catalysts and their reactivity. 
• Catalysts supported on carbons activated with NaOH 
and KOH (NaCPd and KCPd) resulted on materials with significant 
higher specific surface area than those activated with ZnCl2, H3PO4 
and FeCl3 (ZnCPd, PCPd and FeCPd). NaCPd, KCPd and FeCPd 
catalysts showed type I isotherm according to IUPAC classification, 
which is mainly for microporous materials, while ZnCPd and PCPd 
catalysts displayed type IV isotherms, usually associated with 
mesoporous materials. In addition, ZnCPd and PCPd showed 
higher surface acidity. 
• NaCPd and KCPd catalysts showed higher amount of 
oxygen surface groups than the other catalysts. The presence of 
oxygenated groups appears to promote the formation of Pdn+ 
species, through their interaction with Pd precursor. In contrast, 
ZnCPd and FeCPd catalysts showed the lowest amount of oxygen 
groups amount and, in particular, those of carbonyls and quinones. 
Pdn+/Pd0 ratio followed the order NaCPd ≈ KCPd > PCPd ≈ ZnCPd 
> FeCPd, which is in agreement with the higher reduction 
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temperature necessary to reduce the Pd particles present on NaCPd 
and KCPd. 
• Catalysts with higher surface acidity and 
mesoporosity exhibited bigger Pd particle size. Likewise, metal 
particle size have a direct correlation with TCM HDC catalytic 
activity as TOF increased with Pd particle size, confirming that 
HDC is a structure-sensitive reaction, being ZnCPd and PCPd the 
catalysts that showed the highest TOF values. 
• Selectivity to alkanes and olefins products was related 
to the concentration of surface oxygenated groups and Pdn+ 
proportion on the catalysts surface. The high proportion of these 
species on NaCPd and KCPd catalysts enhanced the formation of 
alkanes instead of olefins. Surface oxygenated groups, and 
particularly carbonyls and quinones appear to promote complete 
hydrogenation of reaction intermediates by favoring a strong 
adsorption of reactants that results in a higher selectivity to 
paraffins. By contrast, the low concentration of these functional 
groups on ZnCPd and FeCPd catalysts surfaces and lower Pdn+ 
proportion, led to higher selectivity to olefins products. 
• ZnCPd is the most stable catalyst, with no sign of 
deactivation after 50 h on stream. It can be ascribed to its 
mesoporosity, which decrease the possibility of suffering the 
blockage of the porous structure, re-dispersion of metal particles 
during the reactions, the lower amount of surface oxygen groups 
and the increase of zero-valent Pd during the reaction. 
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• Deactivation of the catalysts is mainly attributed to 
the poisoning and/or blockage of active centers by (chloro)-carbon 
compounds, which in the case of NaCPd and KCPd lead to the 
formation of Pd carbides. Nevertheless, sintering of Pd particles is 
also observed for FeCPd. 
• Reaction conditions have a remarkable influence not 
only on the dechlorination activity but also in the selectivity to 
reaction products and deactivation behavior. All the catalysts 
showed complete conversion at 200 ºC, 0.8 kg·h·mol-1 and 100 
H2/TCM molar ratio. Selectivity to olefins is enhanced by 
increasing reaction temperature, and reducing space time and 
hydrogen concentration. However, the stability of the catalysts is 
highly reduced by decreasing H2/TCM molar ratio. 
 
In conclusion, FeCPd and ZnCPd are most suitable catalysts 
to produce ethylene and propylene, due to their lower 
concentration of surface oxygenated groups, especially the latter, 
which conversion maintained stable after 50 hours of reaction. 
Reaction temperature of 300 ºC, space time of 0.2 kg·h·mol-1 and a 
H2/TCM molar ratio of 50 appear to be the most suitable conditions 
for the production of olefins. In contrast, NaCPd and KCPd 




3. Performance of zeolites as supports of Pd catalysts for 
the HDC of chloromethanes (DCM and TCM) into the 
target products: 
• The ion exchange of K+ cations from KL commercial 
zeolite and Na+ cations from NaY commercial zeolite for acid 
centers (H+), slightly changed their zeolite framework structure. 
Exchanged zeolites (HL and HY) showed that their micropore 
volume distribution was significantly smaller in comparison with 
the original commercial zeolites (KL and NaY). HL and HY catalysts 
also showed a reduction of the specific surface area of KL and NaY 
catalysts (35 and 50 % respectively). 
• The commercial zeolite HMOR showed the highest 
acidity, followed by HY and HL, which acidity properties were 
significantly higher than the original zeolites NaY and KL. It was 
observed a direct correlation between the surface acidity and the 
mean Pd particle size. The catalysts with higher surface acidity 
showed smaller mean Pd particles. 
• All the catalysts showed similar Pd bulk content, 
close to the theoretical content (1 % w.t.). The lower concentration 
of Pd on the catalysts surface in comparison with bulk Pd suggested 
that Pd particles are mainly located in the inner structure of the 
zeolite supports. All the catalysts present mainly zero-valent Pd as 
a result of the reduction step in H2, although KL catalyst showed 
the highest Pdn+ proportion (28 %). 
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• As in the case of Pd/C catalysts, Pd mean particle size 
has a great influence on chloromethanes HDC catalytic activity. 
The most acid catalysts (HMOR, HL and HY), which present 
smaller mean Pd particles, showed lower TOF values than the most 
basic catalysts (NaY and KL). This confirms that HDC of TCM and 
DCM is a structure-sensitive reaction, since activity increase with 
Pd particle size. 
• The best results in terms of selectivity to the desired 
products (C2-C3 hydrocarbons) were obtained with NaY and KL 
catalysts, due to their lower surface acidity. NaY catalyst showed a 
total conversion of both DCM and TCM, with selectivities to 
paraffins of 70 and 95%, respectively. In the case of KL catalyst, the 
conversion achieved with DCM was significantly lower (around 27 
% at 300 °C), and a higher temperature is needed to obtain 
complete TCM conversion, although with excellent selectivities to 
C2-C3 hydrocarbons. 
Surface acidity has an outstanding influence on the selectivity to 
olefins. KL catalysts, with a considerably lower acidity than the 
other catalysts, led to selectivities to olefins up to 37 % and 60 % 
for DCM and TCM HDC, respectively. In contrast, NaY did not 
produce significant amounts of olefins. Catalysts with low surface 
acidity are recommended for getting high selectivities of C2-C3 
hydrocarbons by HDC of chloromethanes and specially to yield 
olefins. Reaction conditions showed a similar influence on catalytic 





Este trabajo dio lugar al desarrollo de nuevos catalizadores 
soportados con Pd, que transforman selectivamente los 
clorometanos residuales en alcanos y olefinas C2-C3 por 
hidrodecloración catalítica. Además, se aumentó el conocimiento 
sobre el efecto de las propiedades fisicoquímicas de los 
catalizadores y las condiciones de reacción sobre la actividad 
catalítica, la selectividad y la estabilidad. 
Los siguientes tres bloques resumen los resultados más 
relevantes: 
1. Identificación de la mejor fase activa para la HDC 
catalítica de clorometanos para obtener etano y etileno: 
• El análisis DFT mostró que solo Pd y Rh fueron 
capaces de formar los intermedios de reacción necesarios para la 
generación de etano y etileno. Rh mostró una energía de desorción 
de los productos finales mucho mayor que Pd, lo que hace que este 
último sea el más adecuado para la valorización de los 
clorometanos. 
• Los cuatro catalizadores probados, a saber, Pd/CM, 
Pt/CM, Rh/CM y Ru/CM, fueron activos para la HDC de TCM y 
DCM entre 200 y 400 ºC de temperatura de reacción. Sin embargo, 
como predijeron los resultados de la simulación, el catalizador de 
Pd/CM mostró el mayor grado de decloración y selectividad a etano 
y etileno, en las condiciones de reacción investigadas. El catalizador 
de Pd/CM también mostró buena estabilidad en la HDC de TCM y 
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DCM, sin signos de desactivación durante 50 h. Tampoco se 
observaron cambios en los patrones de selectividad. 
2. Hidrodecloración catalítica de TCM con catalizadores 
basados en Pd soportados en carbones activados 
preparados a partir de lignina: 
• Todos los catalizadores eran activos para la HDC de 
TCM y la producción de hidrocarburos C2 y C3. Sin embargo, los 
agentes activantes proporcionaron diferencias importantes en las 
características de los soportes de carbón activado, como la textura 
porosa, la acidez superficial, el estado de oxidación de Pd y la 
distribución del tamaño de partícula de Pd y, por lo tanto, en los 
catalizadores resultantes y su reactividad. 
• Los catalizadores soportados en carbones activados 
con NaOH y KOH (NaCPd y KCPd) dieron como resultado 
materiales con un área superficial específica significativamente 
mayor que los activados con ZnCl2, H3PO4 y FeCl3 (ZnCPd, PCPd y 
FeCPd). Los catalizadores NaCPd, KCPd y FeCPd mostraron 
isotermas tipo I según la clasificación IUPAC, correspondientes a 
materiales microporosos, mientras que los catalizadores ZnCPd y 
PCPd mostraron isotermas tipo IV, generalmente asociadas con 
materiales mesoporosos. Además, ZnCPd y PCPd mostraron una 
mayor acidez superficial. 
• Los catalizadores de NaCPd y KCPd mostraron una 
mayor cantidad de grupos superficiales de oxígeno que los otros 
catalizadores. La presencia de grupos oxigenados parece promover 
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la formación de especies Pdn+, a través de su interacción con el 
precursor de Pd. Por el contrario, los catalizadores de ZnCPd y 
FeCPd mostraron la menor cantidad de grupos de oxígeno y, en 
particular, de carbonilos y quinonas. La relación Pdn+/Pd0 siguió el 
orden NaCPd ≈ KCPd > PCPd ≈ ZnCPd > FeCPd, que está de 
acuerdo con la temperatura de reducción más alta necesaria para 
reducir las partículas de Pd presentes en NaCPd y KCPd. 
• Los catalizadores con mayor acidez superficial y 
mesoporosidad exhibieron un mayor tamaño de partícula de Pd. 
Del mismo modo, el tamaño medio de partícula metálica tiene una 
correlación directa con la actividad catalítica en la HDC de TCM, 
ya que el TOF aumentó con el tamaño de partícula de Pd, lo que 
confirma que la HDC es una reacción sensible a la estructura, 
siendo ZnCPd y PCPd los catalizadores que mostraron los valores 
más altos de TOF. 
• La selectividad a los productos de alcanos y olefinas 
se relacionó con la concentración de grupos oxigenados en la 
superficie y la proporción de Pdn+ en la superficie de los 
catalizadores. La alta proporción de estas especies en los 
catalizadores de NaCPd y KCPd mejoró la formación de alcanos en 
lugar de olefinas. Los grupos oxigenados superficiales, y 
particularmente los carbonilos y quinonas, parecen promover la 
hidrogenación completa de los intermedios de reacción al favorecer 
una fuerte adsorción de reactivos que resulta en una mayor 
selectividad a las parafinas. Por el contrario, la baja concentración 
de estos grupos funcionales en las superficies catalizadoras de 
Production of valuable hydrocarbons by catalytic hydrodechlorination of 
chloromethanes 
92 
ZnCPd y FeCPd y una menor proporción de Pdn+, condujeron a una 
mayor selectividad a los productos de olefinas. 
• ZnCPd es el catalizador más estable, sin signos de 
desactivación después de 50 horas en funcionamiento. Esto se 
puede atribuir a su mesoporosidad, que disminuye la posibilidad de 
sufrir el bloqueo de la estructura porosa, la redispersión de 
partículas metálicas durante la reacción, la menor cantidad de 
grupos de oxígeno en la superficie y el aumento de Pd metálico 
durante la reacción. 
• La desactivación de los catalizadores se atribuyó 
principalmente al envenenamiento y/o bloqueo de los centros 
activos por compuestos de (cloro)-carbono, que en el caso de 
NaCPd y KCPd conducen a la formación de carburo de Pd. Sin 
embargo, la sinterización de partículas de Pd también se observa 
para FeCPd. 
• Las condiciones de reacción tienen una influencia 
notable no solo en la actividad de decloración sino también en la 
selectividad a los productos de reacción y el comportamiento de 
desactivación. Todos los catalizadores mostraron conversión 
completa a 200 ºC, 0,8 kg·h·mol-1 y relación molar 100 H2/TCM. La 
selectividad a olefinas aumenta al aumentar la temperatura de 
reacción y al reducir el tiempo espacial y la concentración de 
hidrógeno. Sin embargo, la estabilidad de los catalizadores se 




En conclusión, FeCPd y ZnCPd son los catalizadores más 
adecuados para producir etileno y propileno, debido a su menor 
concentración de grupos oxigenados en la superficie, 
especialmente el último, cuya conversión se mantuvo estable 
después de 50 horas de reacción. La temperatura de reacción de 300 
ºC, tiempo espacial de 0.2 kg·h·mol-1 y una relación molar H2/TCM 
de 50 parecen ser las condiciones más adecuadas para la 
producción de olefinas. Por el contrario, los catalizadores NaCPd y 
KCPd son más convenientes para la producción de etano y propano. 
3. Rendimiento de las zeolitas como soportes de 
catalizadores de Pd para la HDC de clorometanos (DCM 
y TCM) en los productos objetivo: 
• El intercambio iónico de los cationes K+ de la zeolita 
comercial KL y los cationes Na+ de la zeolita comercial NaY por 
centros ácidos (H+), cambió ligeramente la estructura de las 
zeolitas. Las zeolitas intercambiadas (HL y HY) mostraron que su 
distribución de volumen de microporos era significativamente 
menor en comparación con las zeolitas comerciales originales (KL 
y NaY). Los catalizadores HL y HY también mostraron una 
reducción del área superficial específica de los catalizadores KL y 
NaY (35 y 50% respectivamente). 
• La zeolita comercial HMOR mostró ser la más ácida, 
seguida de HY y HL, cuyas propiedades de acidez fueron 
significativamente más altas que las zeolitas originales NaY y KL. 
Se observó una correlación directa entre la acidez superficial y el 
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tamaño medio de partícula de Pd. Los catalizadores con mayor 
acidez superficial mostraron partículas de Pd más pequeñas. 
• Todos los catalizadores mostraron un contenido en 
volumen de Pd similar, cercano al contenido teórico (1% en peso). 
La menor concentración de Pd en la superficie del catalizador en 
comparación con el Pd total sugirió que las partículas de Pd se 
ubican principalmente en la estructura más interna de los soportes 
de zeolita. Todos los catalizadores presentan principalmente Pd 
metálico como resultado del paso de reducción en H2, aunque el 
catalizador KL mostró la mayor proporción de Pdn+ (28%). 
• Como en el caso de los catalizadores Pd/C, el tamaño 
medio de partícula de Pd tiene una gran influencia en la actividad 
de la HDC catalítica de los clorometanos. Los catalizadores más 
ácidos (HMOR, HL y HY), que presentan partículas de Pd medias 
más pequeñas, mostraron valores de TOF más bajos que los 
catalizadores más básicos (NaY y KL). Esto confirma que la HDC de 
TCM y DCM es una reacción sensible a la estructura, ya que la 
actividad aumenta con el tamaño de partícula de Pd. 
• Los mejores resultados en términos de selectividad 
para los productos deseados (hidrocarburos C2-C3) se obtuvieron 
con catalizadores NaY y KL, debido a su menor acidez superficial. 
El catalizador de NaY mostró una conversión total de DCM y TCM, 
con selectividades a parafinas de 70 y 95%, respectivamente. En el 
caso del catalizador KL, la conversión lograda con DCM fue 
significativamente menor (alrededor del 27% a 300 ° C), y se 
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necesita una temperatura más alta para obtener la conversión 
completa de TCM, aunque con excelentes selectividades a 
hidrocarburos C2-C3. 
La acidez superficial tiene una influencia sobresaliente en la 
selectividad a las olefinas. Los catalizadores KL y NaY, que 
mostraron una acidez considerablemente más baja que los otros 
catalizadores, condujeron a selectividades a olefinas de hasta 37 y 
60% en la HDC de DCM y TCM respectivamente. Por el contrario, 
NaY no produjo cantidades significativas de olefinas. Los 
catalizadores con baja acidez superficial son recomendables para 
obtener altas selectividades a hidrocarburos C2-C3 por HDC de 
clorometanos y especialmente para producir olefinas. Las 
condiciones de reacción mostraron una influencia similar en las 
propiedades catalíticas que las observadas para los catalizadores 
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A B S T R A C T
The performance of Pd, Pt, Rh and Ru based catalysts in the hydrodechlorination of chloromethanes to obtain
ethane and ethylene was evaluated by means of computational analysis and hydrodechlorination experiments. A
computational analysis using density functional theory (DFT) was developed to obtain preliminary insight on the
potential catalytic mechanisms for the reactions involved using palladium, platinum, rhodium and ruthenium
metallic clusters. Stable catalytic intermediates were obtained by quantum-chemical calculations in the
hydrodechlorination of dichloromethane on Pd6 and Rh6 clusters, presenting %%CH2 and %CH3 radicals and
C2H4, C2H6 and CH4 products. On the contrary, it was not possible to obtain all these stable intermediates using
Pt6 and Ru6 clusters. Theoretical analysis revealed lower desorption energies for ethane and ethylene products in
Pd6 than in Rh6 clusters, what indicates a favorable selectivity of Pd-based catalyst for desired C2 products. Then,
carbon supported catalysts containing these four metals were prepared and experimentally evaluated in the
hydrodechlorination of dichloromethane (DCM) and trichloromethane (TCM) at low H2 excess and a reaction
temperature range of 150–400 °C. In agreement with computational results, in experimental tests, the Pd based
catalyst showed the best performance for the hydrodechlorination of chloromethanes to obtain C2 products,
followed by Rh, Ru and Pt have a poor performance, in special Pt based catalyst, which shows almost no
selectivity to C2 products. This computational and experimental study emphasizes, for the first time, the good
performance (high activity and selectivity) of Pd carbon supported catalysts in the valorization of chloromethane
compounds to obtain C2 hydrocarbon products.
1. Introduction
Chloromethanes constitute very dangerous waste products from
many industrial processes, they are very toxic and carcinogenic, more-
over, they contribute to global warming, the depletion of the ozone
layer and the formation of photochemical smog [1–4]. Despite their
harmful effects, and because of their particular physical and chemical
properties, they are still widely used in industry, and large amounts are
released in residual effluents through liquid and gas streams. There are
several technologies available for the treatment of these compounds
[5,6], however their reuse for the production of valuable hydrocarbons
would be more interesting.
On the other hand, the petrochemical industry has a great impor-
tance in the global economy. World society faces a growing need for a
series of organic compounds as starting reagents for chemical industries
such as the plastics, pharmaceutical and fine chemical sectors. At
present, the transformation, or refining, of petroleum constitutes the
major source of these vital starting reagents. However, the exploitation
of oil as a feedstock for energy production and petrochemicals shows
several problems like environmental pollution or supply problems. This
leads to the necessity of exploring alternative raw materials. Proven
natural gas reserves are significantly higher than those of oil, it is a less
pollutant compound, and moreover, methane (the main component of
natural gas), can be obtained from renewable sources. The quantities of
residual chloromethanes is not so abundant to be considered an
alternative source of hydrocarbons to natural gas or oil, although their
valorization is of high interest. The development of efficient routes for
the production of higher hydrocarbons from renewable feedstocks and,
in the medium term, from methane transformation is becoming a
critical issue and a challenge for the present century. A new approach
involves the use of chloromethanes. These molecules are considerably
more reactive than methane and could be converted by catalytic
http://dx.doi.org/10.1016/j.cattod.2017.05.006
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dechlorination or hydrodechlorination into valuable products such as
light olefins. In recent literature [7–15], a new route based on the
dechlorination of monochloromethane (MCM) to olefins is been
investigated (See Scheme 1). MCM can be formed from methane and
the hydrogen chloride obtained from the dechlorination of MCM.
This process would overcome the inconvenience of the costly
production of syngas [16,17] needed for Fischer-Tropsch and MTO or
MTHC processes [18]. However, chloromethanes as dichoromethane
(DCM) and chloroform (TCM) are obtained as by-products and their
conversion to valuable hydrocarbons is necessary to make the process
suitable for practical application [19]. In the chlorination of methane,
the first product formed is chloromethane, CH3Cl. If enough chlorine is
present, further substitution may occur, forming dichloromethane
(CH2Cl2), chloroform (CHCl3), and finally carbon tetrachloride (CCl4).
These compounds could be further hydrodechlorinated with the proper
catalysts to modulate the selectivity in order to obtain C2 + hydro-
carbons. With this alternative, hydrodechlorination of chloromethanes
(previously obtained from methane chlorination) would be considered
a potential source of hydrocarbons. Other inconveniences found in
these studies, which use catalytic materials like ZSM-5, HZSM-5, SAPO-
34 or HSAPO-34 is the rapid deactivation of the catalyst which is a
limiting factor for the application of this technology. Deactivation of
the catalysts occurs by oligomerization of hydrocarbons and the
formation of carbonaceous deposits which cause the blockage of the
catalysts pores. The formation of carbonaceous deposits is exacerbated
by the acidity of the catalysts, the high reaction temperatures used (up
to 500 °C) and the absence of hydrogen.
Currently, the hydrodechlorination studies reported in the literature
are focused on reducing the toxicity of industrial effluents and there are
very few studies dealing with their use in the production of hydro-
carbons [19]. In previous studies [20–23], where we investigated the
hydrodechlorination of chloromethanes for the treatment of residual
gas streams using supported metal catalysts (Pd, Pt, Rh and Ru),
interesting results were found suggesting the possibility of their use
for the production of hydrocarbons higher than methane. At the
conditions employed in these studies, methane was usually obtained
as the main reaction product, but depending on the catalyst composi-
tion, their physicochemical properties and the reactant used, significant
proportions of hydrocarbons of up to four carbon atoms were obtained.
Furthermore, without forgetting that the principal purpose of the
hydrodechlorination of chloromethanes is reduce toxicity, the increase
of the selectivity of the process to C2 or C3 hydrocarbons instead of
methane, results in a reduction of the hydrogen consumption adding an
economic advantage to the process. In other studies [24,25], molecular
simulation was used to know about the capacity of metals to adsorb the
HDC reactants on the surface, and it was found to be an effective tool to
explain the performance of the different metals in the hydrodechlorina-
tion of choloromethanes.
The aim of this work is to evaluate the ability of different metals
(Pd, Pt, Rh and Ru) for the coupling and hydrodechlorination of two
molecules of chloromethanes on metal surfaces in order to develop
efficient catalysts for the valorization of chloromethanes wastes to
obtain C2 and C3 hydrocarbons of industrial interest. For that purpose, a
quantum-chemical study, based on Density Functional Theory (DFT)
framework, was performed to analyze the presence and stability of
catalytic intermediates potentially involved in the catalytic mechanisms
for evolving from reactants to products, using DCM as the model
reactant and Pd, Pt, Rh and Ru clusters with six metal atoms (M6). As
promising results were obtained with some of the metals, experimental
hydrodechlorination studies of DCM and TCM with model catalyst
prepared from the cited metals and a commercial carbon as the support
were performed. The high surface area of the activated carbon used
favor the dispersion of metal particles, and the no-acidic character of its
surface hinder the formation of carbonaceous deposits at the high
temperatures used in the experiments. The operating conditions were
adjusted to favor the formation of C2 and C3 hydrocarbons. Higher
reaction temperatures (up to 400 °C) and lower hydrogen/chloro-




All computational studies were performed with the Gaussian 09
[26] series of program. The transition metal clusters present a great
number of electrons, which reorganize deeply the atomic electron
density, so we have simulated palladium, platinum, rhodium and
ruthenium clusters using DFT methods, concretely the B3LYP func-
tional, which combines Becke‘s three parameter nonlocal hybrid
exchange potential [27] and the nonlocal correlation functional of
Lee, Yang and Parr [28]. The chemical inert core orbitals of metal
clusters were described with the effective core potentials of Hay and
Wadt [29], which include relativistic effects on valence electrons, while
the external orbitals were represented with a double-ζ basis set using
Dunning/Huzinaga full double-ζ basis set (Lanl2DZ), basis set also used
for the rest of atoms of the compounds involved in this work. Thus, all
the simulations were conducted at B3LYP/Lanl2DZ computational
level, which has been proved to be reliable for system involved Pd
atoms [24,25,30]. Full geometry optimization was done for isolated
reactants and products, and catalytic intermediates. In this work, M6
clusters were used as model of reference to simulate metal active site of
the catalysts, following the criteria developed elsewhere [24]. All
structures including Pd, Pt, Ru and Rh clusters were optimized for
triplet spin multiplicity, as the most stable structures, associated with
the lowest energies. Frequency calculations were performed on the
Scheme 1. Alternative route for olefins production based on the dechlorination of
monochloromethane.
Table 1
Reaction energy (ΔEreact), enthalpy (ΔHreact) and Gibbs free energy (ΔGreact) for hydrodechlorination of dichloromethane to form ethylene (C2H4), ethane (C2H6) and methane (CH4),
calculated at B3LYP/lanl2dz computational level.
Reactants Products
CH2Cl2, H2 C2H4 C2H6 CH4
kcal/mol
ΔEreact ΔHreact ΔGreact ΔEreact ΔHreact ΔGreact ΔEreact ΔHreact ΔGreact
−17.6 −18.6 −30.9 −59.2 −53.3 −57.3 −81.6 −72.6 −79.4
Scheme 2. Hydrodechlorination reactions of dichloromethane to ethylene, ethane and
methane.
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optimized geometries at the same level of theory, to ensure the systems
to be local minima (no imaginary vibration frequencies).
The reaction energy (ΔEreact), enthalpy (ΔHreact) and Gibbs free
energy (ΔGreact) for hydrodechlorination of dichloromethane were
calculated by using the expressions:
ΔEreact = ∑Eproducts − ∑Ereactants (1)
ΔHreact = ∑Hproducts − ∑Hreactants (2)
ΔGreact = ∑Gproducts − ∑Greactants (3)
where E/H/Gproducts and E/H/Greactants are the absolute electronic
energy/enthalpy/Gibbs free energy of isolated (gas phase) products
and reactants, respectively.
The stabilization energy of catalytic intermediates (ΔEinterm), ad-
sorbed onto metal cluster (M6), was defined by the expression:
ΔEinterm = Emetal− intermediate − (Emetal + ∑Ereactants) (4)
where Emetal and Ereactants are the electronic energy of isolated M6
cluster and stoichiometric DCM and H2 reactants, and Emetal-intermediate is
the total energy of the optimized M6–intermediate system. Hence, a
negative ΔEinterm value indicates an exothermic adsorption process,
where the more negative ΔEinterm, the more stable catalytic intermedi-
ate.
The desorption energy to obtain the isolated products (ΔEdesorp) was
calculated attending the expression:
ΔEdesorp = (Emetal + ∑Eproducts) − Emetal− intermediate (5)
where Emetal and Eproducts are the electronic energy of isolated M6
cluster and stoichiometric hydrodechlorination products, and Emetal-
intermediate is the total energy of the corresponding M6–intermediate
system. Hence, a positive ΔEdesorp value indicates an endothermic
desorption process, where the more positiveΔEdesorp, more heat/higher
temperature is required to obtain the final products of DCM hydrode-
chlorination.
The barrier energy to evolve from different catalytic intermediates
(ΔEbarrier) was calculated by the expression:
ΔEbarrier = ETSmetal− intermediate − Emetal− intermediate (6)
where ETSmetal-intermediate is the electronic energy of the transition
state structure between the initial and finalM6–intermediates and Emetal-
intermediate is the total energy of the initial M6–intermediate system.
2.2. Catalysts preparation
The metallic catalysts were prepared by incipient wetness impreg-
nation of a commercial activated carbon (Merck), whose characteristics
have been reported elsewhere [31], using acid aqueous solutions (1 M)
of PtCl4, PdCl2, RhCl3 and RuCl3 (supplied by Sigma-Aldrich) of the
required concentrations to obtain 1 wt.% active phase (Pt, Pd, Rh or Ru)
nominal loadings. The catalysts were dried overnight at room tempera-
ture and heated under air atmosphere to 100 °C at 20 °C h−1, the final
temperature being maintained for 2 h. The resulted catalysts were
called Pt/CM, Pd/CM, Rh/CM and Ru/CM.
The final step in the catalysts preparation was their activation,
which was carried out by heating them (10 °C min−1) up to 250 °C)
under a continuous H2 flow (50 Ncm3 min−1, supplied by Praxair with
a minimum purity of 99.999%), and maintaining these conditions for
2 h.
Fig. 1. Optimized structures of catalytic intermediates obtained by quantum-chemical calculations at B3LYP/lanl2dz computational level with Pd.
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2.3. Catalysts characterization
The porous structure of the catalysts was characterized by N2
adsorption-desorption at −196 °C (Tristar II 3020, Micromeritics).
The samples were previously outgassed for 12 h at 150 °C at a residual
pressure of 10−3 Torr (VacPrep 061, Micromeritics). The surface areas
were calculated by the BET equation.
The X-ray diffraction (XRD) patterns of the catalysts were obtained
in a X’Pert PRO Panalytical Diffractometer. The powdered sample was
scanned using CuKα monochromatic radiation (k = 0.15406 nm) and a
Fig. 2. Scheme of reaction mechanism for hydrodechlorination of dichloromethane obtained by quantum-chemical calculations at B3LYP/lanl2dz computational level for Pd.
Table 2





%%CH2 − Intermediate C2H4 − Intermediate %CH3 − Intermediate C2H6 − Intermediate CH4 − Intermediate
Pd Triplet( )60
−97.8 −140.9 −157.4 −180.7 −212.1
Rh Triplet( )60
−187.6 −181.1 −194.1 −211.4 −222.5
Table 3




ΔEbarrier (kcal/mol) ΔEdesorp (kcal/mol)
C2H4–Intermediate %CH3 −
Intermediate







18.3 14.4 25.4/54.7 10.0 123.3 121.6 130.0
Rh Triplet( )60
31.8 34.5 31.8/27.4 23.4 163.5 152.2 140.9
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Ge mono filter. A scanning range of 2θ = 10−100° and a scan step size
of 0.0334° with 5 s collection time were used.
2.4. Catalytic activity experiments
The HDC experiments were conducted in a continuous flow reaction
system described elsewhere [32], consisting of a quartz fixed bed
micro-reactor coupled to a gas-chromatograph with a flame ionization
detector (FID) to analyze the reaction products.
The experiments were performed at atmospheric pressure, with
100 cm3/min of total flow rate, a DCM inlet concentration of 1000
ppmv and 10:1 molar ratio of H2/DCM. Reaction temperatures of
150–400 °C were tested and a space-time (τ) of 0.8 kg h mol−1 was used
in all the experiments.
The behavior of the catalysts was evaluated in terms of DCM and
TCM conversion, and selectivity to the different reaction products.
3. Results and discussion
3.1. Molecular simulation
Table 1 collects the thermochemical data at 298 K and 1 atm for the
hydrodechlorination reaction of dichloromethane to the potential
ethylene (C2H4), ethane (C2H6) and methane (CH4) products (see
Scheme 2) calculated at B3LYP/lanl2dz computational level.
The values of electronic energy (ΔEreact), enthalpy (ΔHreact) and
Gibbs free energy (ΔGreact) of these reactions follow a similar trend at
fixed temperature and pressure, describing the hydrodechlorination of
dichloromethane as exothermic and spontaneous processes with high
equilibrium constants, i.e., a quantitative reactions completely dis-
placed toward products. The reaction thermodynamics is more favor-
able when increasing the hydrogenation extent in hydrocarbon pro-
ducts; this is, in the order CH4 > C2H6 > C2H4. As exothermic
processes, increasing the temperature has the thermodynamic effect
of decreasing disfavor?? the conversion of dichloromethane, more
significantly in the case of C1 product (CH4) than in the C2 products
(C2H6 and C2H4). Reaction energy (ΔEreact) is a thermodynamic para-
meter independent of pressure and temperature that presents a linear
relationship with the standard reaction enthalpy (ΔHreact) (see Fig. S1 in
Supplementary Material) obtained from formation enthalpy values of
reactants and products. For this reason, in the following analysis, we
propose using differences in electronic energy to evaluate the stability
of reaction intermediates in presence of catalyst (ΔEinterm), reaction
barriers (ΔEbarrier) and desorption energies (ΔEdesorp.) for evolving from
reactants to intermediates and from intermediates to products, with
independence of operating temperature and pressure.
The next step in current computational analysis is evaluate the
potential catalytic intermediates involved in the hydrodechlorination of
dichloromethane by using Pd, Pt, Rh and Ru metal as active specie in
the catalyst. As it was already demonstrated [24,25,30], a simple
cluster of 6 metallic atoms with triplet spin configuration and charge
zero [M06 (triplet)] is an adequate molecular model to describe the
active species of Pd, Pt, Rh and Ru-based catalysts in the hydrode-
chlorination of dichloromethane. In this work, new catalytic systems
including M6 cluster and stoichiometric number of reactants and
products (see Scheme 2) were designed by quantum chemical methods.
In agreement with previous theoretical results [24,25,30], all Pd6, Pt6,
Rh6 and Ru6 clusters are able to dechlorate one molecule of DCM,
obtaining a remarkably stable %%CH2 radical intermediate linked to two
atoms of metal, without significant deformation of M6 octahedral
geometry (Table 1). However, when 2 DCM and 3H2 molecules (see
Scheme 2) are incorporated in optimization with M6, only Pd and Rh
systems present the stable catalytic intermediates (optimized structures
with positive vibrational frequencies) required to evolve toward the
desired products (C2H4, C2H6 and CH4) (see Fig. 1). On the contrary, we
were not able to obtain all these stable intermediates using Pt6 and Ru6
clusters, what seems to anticipate a lower activity of these later metals
in the coupling of chloromethanes.
The reaction mechanism described by DFT calculations for the case
of Pd catalyst is depicted in Fig. 2. Firstly, the structure named “%%CH2-
Intermediate” is obtained when dichloromethane and hydrogen mole-
cules interact to Pd6 or Rh6 clusters. In this stage, both the dissociation
of hydrogen and the dechlorination of DCM occur without barrier of
energy, obtaining a very stable structure (see %%ΔE CHermint 2 values in Table 2)
where each %%CH2 radical is bonded to two Pd atoms (see Fig. 1). The
higher stabilization of “%%CH2-Intermediate” in Rh6 cluster respect to
Pd6 cluster (Table 2) may indicate somewhat higher catalytic activity of
rhodium-based catalyst in the HDC of DCM. Arising from “%%CH2-
Intermediate”, the system can evolve to new different structures (see
Fig. 1). Thus, two %%CH2 radicals can be covalently bonded to obtain
“C2H4-Intermediate” (Fig. 2, left). Then, the hydrogenation process can
continue to obtain the “C2H6-Intermediate”. Alternatively, the catalytic
system can evolve differently if a dissociated hydrogen is linked to each
%%CH2 radical to form “%CH3-Intermediate” (Fig. 2, right). From this
new intermediate, again two stable structures can be optimized by
approaching i) two %CH3 radicals as alternative pathway to form “C2H6-
Table 4
BET Surface area of the catalysts.






Fig. 3. XRD patterns of Ru, Rh, Pt and Pd catalysts after reduction in H2 at 250 °C.
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Intermediate”; and ii) the dissociated hydrogens to %CH3 radicals
obtaining “CH4-Intermediate”. In agreement with the thermochemistry
of gas phase reaction, the stability of catalytic intermediates increases
with the hydrogenation extent; this is in the order
CH4 > C2H6 > C2H4 > %CH3 > %%CH2 (see ΔE ermint values in
Table 2). On the other hand, the calculated energy barriers to evolve
toward the different product intermediates (“C2H4-Intermediate”,
“C2H6-Intermediate” and “CH4-Intermediate”) are relatively low and
close each other (see ΔE barrier in Table 3). Finally, the final gas phase
products are obtained from the stable catalytic intermediates by
applying the required desorption energy, ΔE desorp (see Fig. 2). Table 3
also collects the calculated desorption energy to generate products for
the hydrodechlorination of dichloromethane. As can be observed,
desorption energies (ΔE desorp) to obtain C2 and C1 products are clearly
higher than energy barriers (ΔE barrier) to evolve between catalytic
intermediates. These results would imply a determinant role of the
thermodynamics of catalytic intermediates on the process performance.
Thus, at the high operating temperatures, the selectivity to C2 and C1 is
expected to be determined by the stability of both the product
intermediates and final products (i.e. ΔE desorp) rather than kinetics of
the reactions involved. Considering this hypothesis, quantum-chemical
calculations anticipate that the selectivity of palladium-based hydrode-
chlorination of DCM increases in the order CH4 > C2H6 > C2H4
(Table 3).
DFT calculations provide a similar description of the catalytic
reaction mechanism for the case of Rh6 cluster; but it is observed
higher stabilization energies (ΔEinterm) of catalytic intermediates than in
Pd6 based systems (see Table 2), what may indicate a higher catalytic
activity of rhodium-based catalyst. The barriers of energy between the
different catalytic intermediates are also higher in Rh6 than in Pd6
systems, but again comparatively low respect to stabilization energies
and close each other. Significantly, in the case of rhodium catalyst, the
obtaining C2 products requires higher desorption energy than C1
product, whereas palladium system presents just the opposite behavior
(see Table 3). In sum, current computational analysis indicates that Pd
may present adequate performance as catalyst for the valorization of
chloromethanes by hydrodechlorination process.
3.2. Characterization of the catalysts
All catalysts showed a high BET surface area (see Table 4), with
values around 800 m2/g, which appears to be suitable to disperse
adequately metal particles on the surface.
The XRD patterns of the fresh-reduced catalysts (Fig. 3) did not
show any remarkable peak associated with zero-valent metal, the main
line located at 2θ value of 39.9°, 40.1°, 41.1° and 40.0° for Pt/CM, Pd/
CM, Rh/CM and Ru/CM respectively [33]. This suggests that the
catalysts are well dispersed as it was found in previous works for
similar catalysts [22,31].
Fig. 4. Effect of temperature on conversion and selectivity with Pt/CM catalyst. (a) HDC of DCM; (b) HDC of TCM. Products and byproducts: CH4 ( ), C2H6 ( ), C2H4 ( ), C3H8 ( ),
C3H6 ( ), MCM ( ), C4H8 ( ), n-C4H10 ( ), DCM ( ), XDCM/TCM ( ).




Figs. 4–7 show the conversion of DCM and TCM at different reaction
temperatures for all the catalysts, as well as the selectivity to the
different reaction products. All the catalysts were very active, reaching
almost total conversion with all of them for both reactants at the higher
temperatures. Nevertheless, somewhat differences were found in the
conversion between the catalysts. When DCM was used as the reactant,
Pd/CM and Rh/CM were the most active, at a reaction temperature
around 300 °C the conversion of DCM was total for both catalysts.
However, a reaction temperature of 400 °C was needed to convert DCM
totally using Ru/CM while the conversion obtained at this temperature
with Pt/CM was 90%. Moreover, as it can be observed in the figures,
Pt/CM shows much lower DCM conversion than Ru/CM at lower
reaction temperatures. This is in agreement with simulation results
where stable intermediates could be formed by adsorption of two
molecules of DCM using Pd6 and Rh6 clusters, while it was not possible
when using Pt6 and Ru6. Higher activity of carbon supported Rh and Pd
based catalysts was also obtained in studies performed previously with
similar catalysts using higher amounts of H2 [22]. However, in those
studies Pt and Ru catalysts showed similar DCM conversion. As can be
seen in Fig. 4, Pt/CM is very selective to methane even when the
proportion of H2 has been considerably reduced, for this catalyst it
seems that reducing H2 proportion mainly affects to the activity instead
to the selectivity which is the case for the other catalysts (Figs. 5–7). In
accordance with the adsorption energies of reactants [20,34] and the
results obtained in previous studies [20,22] the catalysts are consider-
ably more reactive in the HDC of TCM than in the HDC of DCM. In this
case, the order of reactivity is the same than that found for similar
catalysts and higher proportion of H2 Pd/CM > Pt/CM > Rh/CM >
Ru/CM. The higher reactivity of TCM when comparing to DCM favour
the conversion of this compound even in the case that the catalyst is
also very selective to methane.
3.3.2. Selectivity patterns
Fig. 4 show the selectivity to reaction products for Pt/CM catalyst.
As can be seen near total dechlorination of the effluent is obtained,
specially for TCM, but only methane is produced. In agreement with
molecular simulation results, the intermediates necessary to form
hydrocarbons of more than one carbon atoms cannot be stabilized on
Pt surface and therefore this is not a suitable catalyst for that purpose.
As can be seen in Fig. 5, HDC of both reactants with Ru/CM catalyst
leads to very scarce selectivity to hydrocarbons other than methane.
The HDC of DCM leads to a high selectivity to methane, the lower value
obtained was 70%. The selectivity to ethane was not higher than 20%
Fig. 5. Effect of temperature on conversion and selectivity with Ru/CM catalyst. ((a) HDC of DCM; (b) HDC of TCM. Products and byproducts: CH4 ( ), C2H6 ( ), C2H4 ( ), C3H8 ( ),
C3H6 ( ), MCM ( ), C4H8 ( ), n-C4H10 ( ), DCM ( ), XDCM/TCM ( ).
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and 10% of propane. When increasing the reaction temperature the
selectivity to monocloromethane decreases, however the selectivity to
this compound was not higher than 10% in any case. Beyond 250 °C
ethylene is formed and the amount slightly increases with temperature.
This can be explained from thermodynamic data of Table 1. As the
formation of olefins is less exothermic than that of alkanes, the increase
of reaction temperature favors the former. The results are not substan-
tially improved when TCM was used as the reactant as high amounts of
DCM or methane are formed. Selectivities to hydrocarbons other than
methane up to 30% were obtained. On the other hand, very high
temperatures (400 °C) are needed to dechlorinate substantially the
contaminant and in this case the main reaction product is by far
methane. Nevertheless, it is interesting to note that this catalyst renders
mainly ethylene as not chlorinated hydrocarbon different than
methane, which is a very interesting compound from an industrial
point of view. Traces of n–butane are observed in both cases. Again, the
poor results obtained with this catalyst are in agreement with molecular
simulation results as no stable intermediates was possible to form on Ru
surface.
Pd/CM is the catalyst which offers the best results in terms of
selectivity to non-chlorinated hydrocarbons different than methane for
both reactants. Selectivities near 50% were obtained in the hydrode-
chlorination of DCM and values around 80% when TCM was used.
Molecular simulation results demonstrated that formation of inter-
mediates of methane, ethane and ethylene from DCM on Pd surface are
very stable (ΔEinterm < −140 kcal/mol), the intermediate stability
following the order CH4>C2H6 >C2H4. The same trend was found
for the selectivity to these compounds in the HDC of DCM (Fig. 6). The
higher reactivity of TCM, and the higher amount of H2 needed to
dechlorinate the molecule increases the possibility of reaction of
adjacent TCM molecules at a similar proportion of H2 which results
in a higher selectivity to higher hydrocarbons. Similarly to Ru/CM
catalyst, the selectivity to hydrocarbons other than methane increases
with reaction temperature. Additionally, thee selectivity to olefins is
higher when increasing the reaction temperature, specially for the HDC
of TCM where at the higher temperature the proportion of ethane and
ethylene is similar. This can be explained because of the adsorption
energies of the intermediates (Table 2). Rising the temperature benefits
the less favored of the intermediates as the desorption energy barriers
are very similar in all cases (Table 3). Comparing with the results
obtained with Rh/CM, it is evident that this later catalyst shows a lower
selectivity to hydrocarbons other than methane than Pd/CM catalyst,
despite this metal also has a great capacity to stabilize the intermediates
of ethane and ethylene, even higher than Pd (Table 2). Attending
computational results, Rh/CM catalyst exhibits a serious drawback for
the formation of these hydrocarbons, namely, the energy barriers for
Fig. 6. Effect of temperature on conversion and selectivity with Pd/CM catalyst. (a) HDC of DCM; (b) HDC of TCM. Products and byproducts: CH4 ( ), C2H6 ( ), C2H4 ( ), C3H8 ( ),
C3H6 ( ), MCM ( ), C4H8 ( ), n-C4H10 ( ), DCM ( ), XDCM/TCM ( ).
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their desorption are considerably higher than that of methane (Table 3).
In contrast, in the case of Pd, methane, ethane and ethylene products
show similar energy barriers for their desorption from the catalytic
surface (Table 3). In the case of Rh/CM catalyst, small amounts of
propane were also obtained and traces of butane. Selectivity to C1+
products was around 30% and around 50% for the HDC of chloroform.
Similarly to Pd/CM and Ru/CM the selectivity increases with reaction
temperature but in this case the effect is less outstanding, the selectivity
to chlorinated hydrocarbons diminishes with reaction temperature and
the reaction temperature also enhances the selectivity to olefins.
Fig. 8 compares the selectivity to non-chlorinated products for all
the catalysts. It can be seen that Pt/CM and Pd/CM are very selective to
non-chlorinated products regardless if DCM or TCM are used as the
reactant products. A similar behavior follow Rh/CM and Ru/CM when
Fig. 7. Effect of temperature on conversion and selectivity with Rh/CM catalyst. (a) HDC of DCM; (b) HDC of TCM. Products and byproducts: CH4 ( ), C2H6 ( ), C2H4 ( ), C3H8 ( ),
C3H6 ( ), MCM ( ), C4H8 ( ), n-C4H10 ( ), DCM ( ), XDCM/TCM ( ).
Fig. 8. Selectivity to non-chlorinated products with the catalysts (Pd/CM, Rh/CM, Ru/CM and Pt/CM); at different temperature with DCM and TCM.
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DCM is used as the reactant, however the selectivity to chlorinated
products considerably increases for the HDC of TCM with these
catalysts, specially for Ru/CM. This is in agreement with kinetics
results obtained with similar catalyst [35]. In a previous work where
a kinetic study of the HDC of DCM and TCM to obtain methane with
carbon supported Pd, Pt, Rh and Ru catalysts was performed it was
found that Pd/C and Pt/C followed a LHHW model controlled by
adsorption. The HDC with Rh and Ru followed the same model but the
reaction rate for DCM HDC was controlled by chemical reaction and
desorption control was found for the HDC of TCM. The higher
desorption energies of HDC products with Rh when compared to Pd
(calculated ΔE desorpdata in Table 3) is consistent with a stronger
difficulty for the formation of hydrocarbons. In fact, the amount of
non-chlorinated products increases with reaction temperature, which is
very evident in the case of Ru catalyst (Fig. 5).
It can be concluded that Pd, and particularly carbon supported Pd
catalysts, appear to be promising catalysts for the obtaining of C2
hydrocarbons from chloromethanes dechlorination. Rh carbon sup-
ported catalysts shows lower yields but is more prone to the production
of C3 hydrocarbons. Further optimization of the catalyst and the
operating conditions will be needed which will permit better yields to
the desired products.
3.3.3. Stability of the catalyst
Finally, stability tests of TCM and DCM at reaction temperatures of
150 and 250 °C respectively, with the Pd catalyst were performed.
Fig. 9 represents the evolution of conversion and selectivity with
reaction time with Pd/CM catalyst in the (a) HDC of DCM; (b) HDC
of TCM. As can be seen in the Figure, the Pd/CM catalyst is quite stable
with negligible changes both in conversions and selectivities during
50 h of HDC reaction of TCM and DCM. These results confirm the
overall stability of the catalyst synthesized.
4. Conclusions
Carbon supported Pd catalysts are promising systems for the
valorization of chloromethanes to obtain ethane and ethylene. Stable
catalytic intermediates were obtained by computational analysis in the
hydrodechlorination of DCM on Pd and Rh clusters, presenting %%CH2
and %CH3 radicals and C2H4, C2H6 and CH4 products. On the contrary, it
was not possible to obtain all these stable intermediates using Pt6 and
Ru6 clusters. Rh6 cluster presents somewhat higher stabilization
energies than Pd6 based systems, however, the barriers of energy
between the different catalytic intermediates are higher in Rh6 than
in Pd6, as well as the desorption energies of C2 products which hinders
their formation. In agreement with the thermochemistry of gas phase
reaction, the stability of catalytic intermediates increases with the
hydrogenation extent; this is in the intermediate stability order
CH4 > C2H6 > C2H4 > %CH3 > %%CH2. It should be remarked that
the stability order of catalytic intermediates agrees with the experi-
mental selectivity of the hydrodechlorination of DCM, what seems to
indicate a determinant role of the thermodynamics of catalytic inter-
mediates on the process performance. In agreement with computational
results, the Pd based catalyst showed the best performance for the
valorization of chloromethanes by hydrodechlorination to obtain C2
products. Yields near 50% were obtained in the HDC of DCM and higher
than 70% in that of TCM. It is followed by Rh, Ru and Pt which shows
almost no selectivity to C2 products. The selectivity to C2 products
increases with the temperature with a higher proportion of ethylene.
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Figure S1. Calculated reaction energy ( reactE )at B3LYP/lanl2dz computational level vs  
experimental reaction enthalpy ( reactH ) estimated from formation enthalpy of the 
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Chloroform conversion into ethane and propane
by catalytic hydrodechlorination with Pd
supported on activated carbons from lignin†
C. Fernandez-Ruiz, J. Bedia, * P. Bonal, J. J. Rodriguez and L. M. Gómez-Sainero
Conversion of chloroform (TCM) by gas-phase catalytic hydrodechlorination (HDC) has been addressed to
maximize the selectivity to ethane and propane. Several own-made Pd (1 wt%) catalysts have been tested.
The catalysts were prepared by incipient wetness impregnation of five different activated carbons. These
carbons were obtained by chemical activation of lignin with different activating agents, namely, H3PO4,
ZnCl2, FeCl3, NaOH and KOH. The catalysts were fully characterized by N2 adsorption–desorption at −196
°C, CO2 adsorption at 0 °C, TPR, NH3-TPD, XRD, XPS and TEM. The activating agents provided important
differences in the characteristics of activated carbon supports, and hence in the resulting catalysts, in terms
of their porous texture, surface acidity, Pd oxidation state and Pd particle size distribution. NaOH and KOH
activation led to carbons with the highest surface areas (2158 and 2991 m2 g−1, respectively) and low Pd0/
Pdn+ ratios, while ZnCl2- and H3PO4-activated carbons yielded the highest surface acidity and mean Pd
particle sizes. The analysis of the TOF values revealed that the HDC of TCM on these catalysts is a
structure-sensitive reaction, increasing TOF values with Pd particle size. The best results, in terms of selec-
tivity to ethane and propane, were obtained with the catalysts supported on KOH- and NaOH-activated
carbons. The former allowed 80% selectivity to the target compounds at almost complete dechlorination
(>99%) at 300 °C. The KOH-based catalyst showed fairly good stability at a reaction temperature of 200
°C.
1. Introduction
The use, structure and removal treatments of chloromethanes
have been widely studied due to their harmful properties re-
lated to air and water contamination. They are involved in the
stratospheric ozone depletion, smog formation and global
warming effect.1 Furthermore, these vapours are harmful to
human health resulting in breathing problems, burning and
redness upon contact with skin, cancer diseases, etc.2 Among
them, chloroform (TCM) and dichloromethane (DCM) are
commonly used in several industries as automotive repair
products, on the manufacture of photographic films, refriger-
ants, and industrial solvents, and as chemical intermediates.3
As a consequence, governments and international regulations
have limited their emissions in the last few years, leading to
the need of developing new technologies for the treatment of
chloromethanes in residual streams. Several techniques are
available for this purpose but recycling to valuable products
becomes more interesting.
There is a huge world demand for light paraffins and ole-
fins, because these compounds constitute basic raw materials
in the chemical industry for producing solvents, polymers
and cosmetics, among others. They are mainly produced
from fossil raw materials, not renewable, by different indus-
trial processes, which present serious drawbacks such as high
energy demand, low selectivity and dependency of unstable
oil prices. Ethane and propane are components of natural
gas (separated by cryogenic liquefaction) and they constitute
very important petrochemical feedstocks. These compounds
are used as raw materials for the synthesis of irreplaceable
olefins by oxidative dehydrogenation. These factors underline
the importance of the investigation of alternative processes
to produce these compounds.
Hydrodechlorination is a very suitable technology for the
treatment of chloromethanes,4,5 the main advantage of which
is that it operates under moderate conditions of temperature
and pressure. This technique has been also used to treat
chlorophenols and their derivatives in water with the aim of
converting these pollutants into species of much lower
toxicity.6–9 In the gas phase, TCM and DCM are mainly
converted to methane, while lower selectivities to other prod-
ucts and by-products that could be of industrial interest are
obtained. The valorisation of chloromethanes to light
Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2018
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paraffins (other than methane) and/or olefins (C2–C3) would
be of great interest. Moreover, a lower amount of H2 would
be needed, which results in an economic benefit for the pro-
cess. Studies reported in the literature about chloromethane
(other than carbon tetrachloride) treatment are mainly fo-
cused on the removal of the pollutant with very few reports
concerning the production of C2–C3 hydrocarbons by this
methodology.10–12
Gas-phase catalytic hydrodechlorination (HDC) has been
mainly studied using catalysts based on metallic active
phases supported on a porous support.13–16 Many active me-
tallic phases have been studied to compare their activity on
the catalytic hydrodechlorination.17 Our research group has
reported recently a study focused on the valorisation of
chloromethanes to C2–C3 hydrocarbons.18 It includes simula-
tion and experimental analysis, comparing the catalytic HDC
using Ru, Rh, Pt and Pd supported on activated carbon. It
was concluded that the active phase with the highest selectiv-
ity to hydrocarbons with more than one atom of carbon (that
is to say, other than methane) was Pd. Pd-based catalysts are
commonly studied for the catalytic HDC on many different
types of supports, such as Al2O3, SAPO-34, CeO2, SiO2, acti-
vated carbons and many others.4,5,15,19
Lignin is a by-product of the pulp and papermaking indus-
try, which is mainly used for its fuel value. It has also been
evaluated as a raw material for the synthesis of carbon mate-
rials, such as activated carbons20,21 or carbon-based catalysts
or catalyst supports.22–24 In previous studies,13,18 the results
suggested that the selectivity to ethane and propane was
influenced by the metal oxidation state and particle size.
These and other characteristics of catalysts such as porosity
or acidity can be in part provided by the support.25,26 The ob-
jective of this work is to evaluate the performance of Pd
supported on chemically activated carbons from lignin for
the valorisation of chloroform by HDC to produce high value
hydrocarbons with more than one carbon atom. Five Pd-
based catalysts were synthesized by deposition of the active
phase on activated carbons obtained by chemical activation
of lignin with FeCl3, NaOH, KOH, ZnCl2 and H3PO4, to pro-
vide different physicochemical properties to the catalysts.
2. Experimental
2.1. Materials and chemicals
Lignin (C: 61.6%; H: 6.0%; N: 1.1%; S: 0.2%; ash content =
2.0 wt%) was purchased from Granit S.A. (Switzerland) and
used as received. ZnCl2 (>99%), KOH pellets (>85%), H3PO4
(85%), PdCl2 (99%) and HCl (37%) were supplied by Panreac,
while anhydrous FeCl3 (>98%) was obtained from Riedel-de
Haën and NaOH pellets (>95%) from Scharlau. The gas
chloroform (1.5% mol in N2), H2 and N2 (both 99.999% pu-
rity) were provided by Praxair.
2.2. Synthesis of the catalysts
Five activated carbons were synthesized as supports by chem-
ical activation of lignin using FeCl3, ZnCl2, H3PO4, KOH and
NaOH as activating agents. In the case of activation with
FeCl3, ZnCl2 or H3PO4, the lignin samples were physically
mixed with the corresponding activating agent, using an acti-
vating agent : precursor mass ratio, R, equal to 3 : 1, and dried
for 24 h at 60 °C. The impregnated samples were heat-treated
in a tubular furnace under a continuous N2 flow (250 Ncm
3
min−1) at activation temperatures of 500 °C in the case of
ZnCl2 and H3PO4 and 800 °C with FeCl3. The activation tem-
perature was reached at a heating rate of 10 °C min−1 and
maintained for 2 h. In the case of NaOH and KOH activation,
lignin was previously carbonized at 500 °C under the same
aforementioned conditions and then activated at 800 °C
using an activating agent : lignin mass ratio of 4 : 1. After
cooling down to room temperature under the same N2 atmo-
sphere, the samples were washed with 0.1 M HCl aqueous so-
lution at 70 °C under continuous stirring for 3 h using 200
cm3 of HCl aqueous solution per gram of sample, rinsed with
distilled water until the pH of the eluate was neutral, and fi-
nally dried for 24 h at 60 °C. This acid washing procedure
removes the activating agent releasing the blocked porous
structure. The activated carbons synthesized were denoted by
an acronym related to the activating agent used in the synthe-
sis, followed by the mass ratio (R) and the activation temper-
ature, namely, Fe3-800, Zn3-500, P3-500, Na4-800 and K4-800.
Pd was deposited on the activated carbons by incipient
wetness impregnation, with PdCl2 in 1 M HCl aqueous solu-
tion, to obtain nominal 1.0 wt% Pd. After impregnation, the
samples were dried overnight in an oven at 70 °C. The cata-
lysts were denoted by the name of the activated carbon used
as the support followed by Pd, namely, Fe3-800-Pd, Zn3-500-
Pd, P3-500-Pd, Na4-800-Pd and K4-800-Pd.
2.3. Characterization
Prior to the characterization, all the catalysts were reduced
under a H2 flow (50 Ncm
3 min−1) at 250 °C for 2 h in order to
analyse them under the same conditions used for the reac-
tion test (except for TPR analyses which were performed
using the non-reduced catalysts). The porous structure was
evaluated by N2 adsorption–desorption at −196 °C and CO2
adsorption at 0 °C (the latter for the characterization of the
narrow microporosity, 0.7 < size < 2.0 nm) on a Tristar II
3020 apparatus (Micromeritics). The samples were previously
outgassed for at least 12 h at 150 °C until residual pressure
with a VacPrep 061 apparatus (Micromeritics). The BET equa-
tion was used to calculate the specific surface area (ABET).
27
The t-method was applied to obtain the micropore volume
(Vmicro) and the external surface area (Aext).
28 The total pore
volume was estimated from the amount of N2 adsorbed at P/
Po ≈ 0.99 converted in liquid volume (Vpore). The narrow
micropore volume (VDA) and area (ADA) were obtained by ap-
plying the Dubinin–Astakhov method29 to the CO2 isotherm.
The crystalline structure of the catalysts was analysed by
X-ray diffraction (XRD) (X'Pert PRO PANalytical diffractome-
ter). The powdered samples were scanned using CuKα mono-
chromatic radiation (λ = 0.15406 nm) and a Ge monofilter. A
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scanning range of 2θ = 10–100° and a scan step size of 0.020°
with 5 s collection time were used.
The total acidity and acid strength distribution of the cata-
lysts have been determined by temperature programmed de-
sorption of ammonia (NH3-TPD) using an AutoChem II 2920
unit. The NH3-TPD was performed using 10 mg of catalysts
saturated with 25 Ncm3 min−1 of 5% NH3/He at 100 °C. After
saturation, weakly adsorbed NH3 was desorbed in a He flow
(25 Ncm3 min−1), at the adsorption temperature, until no
NH3 was detected in the outlet gas. The NH3-TPD was
performed by raising the temperature up to 940 °C at a
heating rate of 10 °C min−1. The NH3 desorbed was moni-
tored with a thermal conductivity detector (TDC) recording
one measurement per second.
Temperature-programmed reduction (TPR) analysis was
performed on a Chemisorb 2720 apparatus (Micromeritics)
equipped with a TCD. The samples were previously purged
with He and the TPR analysis was carried out using 10% H2/
Ar (50 Ncm3 min−1) from room temperature up to 625 °C with
a heating rate of 10 °C min−1.
The palladium metal content was determined using induc-
tively coupled plasma-mass spectroscopy (ICP-MS Elan 6000,
Perkin-Elmer Sciex). The samples were previously digested in
a strongly acidic mixture (HNO3 : 3HCl) and treated in a
microwave oven (Milestone ETHOS PLUS).
The external surface composition of the reduced catalysts
was analysed by X-ray photoelectron spectroscopy (XPS) with
a Thermo Scientific apparatus with Al Kα radiation (1486.7
eV). General spectra were recorded for the samples by scan-
ning binding energy (BE) from 0 to 1200 eV. Corrections for
changes in BE caused by sample charging were corrected by
taking the C 1s peak (284.6 eV) as an internal standard.
The Pd particle size distribution and morphologies were
analysed by transmission electron microscopy (TEM). The
TEM images were obtained using a Tecnai G220 microscope
from FEI Company at an accelerating voltage of 200 kV. Parti-
cle size distributions were obtained by measurement of at
least 100 particles.
2.4. Gas-phase HDC tests
The HDC experiments were performed in a continuous flow
reaction system (Micro-Activity by PID) described elsewhere,13
using a quartz fixed bed microreactor (4 mm internal diame-
ter). Prior to reaction, the catalysts were reduced “in situ” un-
der a H2 flow (50 Ncm
3 min−1) at 250 °C for 2 h. The operat-
ing conditions were atmospheric pressure, a total flow rate of
100 Ncm3 min−1, and an inlet chloroform (TCM) concentra-
tion of 1000 ppmv with a H2/TCM molar ratio of 100 : 1. The
catalyst weight was 0.213 g resulting in a space time of 0.8
kgcat h mol
−1 TCM. The reaction temperature was increased
from 75 to 200 °C at a heating rate of 10 °C min−1. The reac-
tor outlet was coupled to a gas chromatograph (Varian 450-
GC), equipped with a FID and a capillary column (Varian, CP-
SilicaPLOT, 60 m). The carbon mass balances were checked
and never showed deviations higher than 5%.
The performance of the catalysts was evaluated in terms
of TCM conversion (X), turnover frequency (TOF) and selectiv-
ity to the different reaction products (Si). The turnover fre-
quency values were calculated as the moles of reactant
converted per mole of surface-exposed Pd atoms. The disper-
sion values were calculated assuming spherical metallic parti-
cles using the equation:30
D M
N d
%   
  
6 105 w
M M A 
where Mw corresponds to the atomic mass of Pd (106.42 g
mol−1), ρM is the density of the metal (12.02 g cm
−3 for Pd),
σM represents the effective surface area of Pd atoms (7.87 ×
10−20 m2 per atom), NA is Avogadro's number and d is the
mean metal particle size (obtained from TEM) in nm. The
amount of exposed metal atoms was calculated from the
nominal content of Pd in μmol per gram of catalysts multi-
plied by the corresponding dispersion values.
3. Results and discussion
3.1. Characterization of the catalysts
Fig. 1 and ES1 (ESI†) depict the N2 adsorption–desorption
isotherms at −196 °C of the catalysts and activated carbons
synthesized, respectively. The deposition of Pd on the surface
of the activated carbons did not modify significantly the N2
adsorption–desorption isotherms. The isotherms of K4-800-
Pd, Na4-800-Pd and Fe3-800-Pd are of type I according to the
IUPAC classification, characteristic of predominantly micro-
porous materials. The wider knee at low relative pressures (P/
Po < 0.4) of the KOH- and NaOH-based catalysts suggests the
presence of a wide micropore size distribution in these sam-
ples. In contrast, the Zn3-500-Pd and P3-500-Pd catalysts
exhibited type IV isotherms associated with mesoporous ma-
terials with a significant contribution of microporosity. These
isotherms show H4 hysteresis cycles, commonly seen on acti-
vated carbons. Tables 1 and ES1† summarize the parameters
characteristic of the porous structure of the catalysts and acti-
vated carbons, respectively, obtained from the N2 adsorption–
desorption and CO2 adsorption isotherms (CO2 adsorption
Fig. 1 N2 adsorption–desorption isotherms of the catalysts at −196 °C.
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was measured only for the catalysts). The comparison be-
tween both tables reveals a very slight reduction of porosity
once the Pd active phase is deposited, probably because of
the partial blockage of some pores by the deposited Pd
atoms, as previously observed for other metals supported on
activated carbon catalysts.22 The low porosity contraction is
due to the relatively low amount of Pd deposited (1 wt%). All
the catalysts show high specific surface areas, from 500
m2 g−1 for P3-500-Pd up to the very noteworthy values of more
than 2100 and almost 3000 m2 g−1 for Na4-800-Pd and K4-
800-Pd, respectively. It is well-known that chemical activation
with NaOH or KOH results in activated carbons with very well
developed porous structures and in some cases total surface
areas higher than 3000 m2 g−1 like those obtained in this
work (Table ES1†).31,32 The rest of the surface areas are in
the range of those previously reported in the literature for
carbons prepared from chemical activation of lignin.33–36
Therefore, the chemical activation of lignin and subsequent
Pd deposition allow obtaining catalysts with well-developed
and tuneable porosity. The high narrow micropore surface
area (ADA) and volume (VDA) obtained for all the catalysts are
also noteworthy. The ratio ADA/ABET gives an idea of the pore
size distribution. Values of this ratio close to 1 are related to
the relatively homogeneous micropore size distribution, ra-
tios higher than 1 are characteristic of predominantly narrow
microporosity and ratios lower than 1 are characteristic of
materials with relatively wide microporosity. The Fe3-800-Pd
catalyst shows the narrowest micropore size distribution,
while Zn3-500-Pd has the widest. On the other hand, Na4-
800-Pd and especially K4-800-Pd exhibited the most homoge-
neous micropore size distributions with ADA/ABET ratios close
to 1.
Fig. 2 depicts the TPR profiles of the fresh catalysts. All of
them show similar profiles with high intensity peaks (in
some cases with a shoulder) at lower temperatures (<300 °C)
and broad bands at higher temperatures (>400 °C). The max-
ima of the low temperature peaks are located between 165
and 250 °C and are indicative of the H2 consumption during
the reduction of oxy- and/or hydroxy-Pd species.37 The peak
displacement towards higher temperatures could be related
to a stronger interaction of the Pd particles with the sup-
port.38 The reducibility of the catalysts follows the order P3-
500-Pd > Zn3-500-Pd ≈ Fe3-500-Pd > K4-800-Pd > Na4-800-
Pd. The shoulders observed in the low temperature peaks of
some of the catalysts could be explained by the reduction of
Pd species located on the pores with more restrictive access.
The presence of these shoulders may be related to different
interactions of palladium with the support. These interac-
tions can be more pronounced in the smallest pores because
of the proximity of the walls, thus giving rise to the observed
shoulders at higher reduction temperatures in the TPR pro-
files. Examples of geometric interactions of supported Pd par-
ticles leading to several peaks at different reduction tempera-
tures can be found in the literature.39,40 Finally, the broad
bands observed at reduction temperatures higher than 400
°C could be due to the interaction of H2 with the surface of
carbons, possibly favoured by spillover phenomena promoted
by surface oxygen groups. Hydrogen that spilt over could ad-
sorb on the carbon surface promoting the reduction of the
surface oxygen groups and hydrogasification reactions.41,42
To confirm this, we have performed TPR analyses to the bare
activated carbons prior to palladium deposition. As can be
seen in Fig. ES2,† the reduction peaks observed for the cata-
lysts below 300 °C (Fig. 2) are not present in the case of acti-
vated carbons. This result discards a significant effect of the
surface O-containing functionalities on the H2 consumption,
especially at temperatures below 300 °C.
The surface acidity was studied by ammonia temperature
programmed desorption (NH3-TPD). Fig. 3 presents the NH3-
TPD profiles of the catalysts, where the NH3-desorption tem-
perature and the intensity of the peaks are related to the
strength and amount of the acid sites, respectively. The
FeCl3-derived catalyst showed a lower amount of surface acid
sites confirming its very low acidity. In contrast, Zn3-500-Pd
and P3-500-Pd exhibited much higher acidity than the rest of
the catalysts. Furthermore, it is noteworthy that P3-500-Pd
showed high strength acid sites desorbing at temperatures
Table 1 Characterization of the porous texture of the catalysts
Catalyst
N2 isotherms CO2 isotherms
ADA/ABETABET (m
2 g−1) Vmicro (cm
3 g−1) Aext (m
2 g−1) Vpore (cm
3 g−1) VDA (cm
3 g−1) ADA (m
2 g−1)
Fe3-800-Pd 852 0.43 41 0.53 0.17 953 1.12
Zn3-500-Pd 1103 0.23 594 1.00 0.12 848 0.77
P3-500-Pd 501 0.08 315 0.41 0.07 426 0.85
Na4-800-Pd 2158 0.95 186 1.17 0.15 1936 0.90
K4-800-Pd 2991 1.34 157 1.49 0.18 2845 0.95
Fig. 2 TPR profiles of the different catalysts in 10% H2/Ar (50 cm
3
min−1).
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higher than 600 °C. The high acidity of phosphoric acid-
derived activated carbons is in agreement with previously
reported results suggesting that it is related to the remaining
phosphorus from the activating agent retained on the carbon
surface, probably associated with the OH groups in phos-
phates.43,44 The other catalysts, obtained by activation with
alkali hydroxides, Na4-800-Pd and K4-800-Pd, exhibited low
acidity. The presence of a significant amount of acid sites on
these catalysts, despite their activation with NaOH or KOH,
could be related to the acid washing performed after the acti-
vation procedure (0.1 M HCl aqueous solution, 70 °C, 3 h)
carried out to extract the rest of the activating agents from
the porous structure. We could conclude that the surface
acidity of the synthesized catalysts follows the order P3-500-
Pd ≈ Zn3-500-Pd ≫ K4-800-Pd > Na4-800-Pd > Fe3-800-Pd.
The surface acidity seems to be highly dependent on the acti-
vating agent used in the synthesis of the porous support.
The palladium metal contents, determined by ICP, are
summarized in Table ES2.† The bulk contents are in all the
cases very similar to the nominal ones confirming the suc-
cess of the deposition step. The Pd distribution through the
particles of the catalysts and its oxidation state were analysed
by XPS. Table 2 summarizes the Pd mass and atomic surface
concentrations. As can be seen, both atomic and mass Pd ex-
ternal concentrations follow quite similar trends. Taking into
account that the theoretical bulk load of Pd was set at 1 wt%,
it could be seen that the Fe3-800-Pd and P3-500-Pd catalysts
show homogeneous Pd distribution with similar bulk and ex-
ternal Pd contents. In contrast, K4-800-Pd shows a higher
proportion of Pd located on the external surface (egg-shell
distribution) while Na4-800-Pd and Zn3-500-Pd exhibit a
higher proportion of Pd inside the catalyst particles (egg-yolk
distribution). The Pd3d XPS region presents a doublet corre-
sponding to Pd 3d5/2 and Pd 3d3/2 with a quantified separa-
tion of 5.3 eV, due to spin orbital splitting.45 The Pd 3d5/2
peak centred at approximately 335.5 eV can be assigned to
Pd0 (metallic Pd), while the one lying near 338.0 eV corre-
sponds to Pdn+ (electron-deficient palladium).39,46 Fig. 4 pre-
sents the deconvoluted Pd 3d spectra of all the catalysts and
Table 2 shows the Pd0/Pdn+ ratios obtained from these
deconvolutions. If we analyse the position of the Pd 3d5/2
peak, a clear displacement of the XPS profiles to higher bind-
ing energies could be seen following the order Fe3-800-Pd >
P3-500-Pd ≈ Zn3-500-Pd > Na4-800-Pd ≈ K4-800-Pd (from
lower to higher binding energies). This order is the same for
the Pd0/Pdn+ ratio obtained from the deconvoluted spectra
and depicted in Table 2 since the signal of Pd0 is located at
lower binding energies than that of Pdn+. The Fe3-800-Pd cat-
alyst shows the highest Pd0/Pdn+ ratio while Na4-800-Pd and
K4-800-Pd exhibit the lowest ones with more contribution of
electron-deficient Pd. This behaviour, in the general trend,
agrees with the results of the H2-TPR profiles (Fig. 2), which
show that the Na4-800-Pd and K4-800-Pd catalysts needed
higher temperatures to reduce completely the Pd species.
The XRD patterns (Fig. ES3†) show no peaks due to Pd re-
flections probably as a consequence of the low content and/
or small particle size, suggesting a high dispersion of the pal-
ladium particles. The XRD patterns of P3-500-Pd, Zn3-500-Pd
and Fe3-800-Pd show wide broad bands located at around 26
and 44° (corresponding to the (002) and (101) set of planes of
graphite, respectively). Activated carbons are formed from
turbostratic carbon with stacked graphene layers regularly
spaced as in graphite but with a much lower degree of stack-
ing order.47 In the case of these catalysts, these bands are not
very intense and/or well defined, which is indicative of the
low structural order of these catalysts.48 In the case of Na4-
800-Pd and K4-800-Pd, these carbon-based catalysts show no
bands at all, probably due to the high structural disorder
suggested by the very high porosity development of these ma-
terials. The Pd particle size distributions were analysed using
transmission electron microscopy. Fig. 5 depicts the repre-
sentative TEM images of the different catalysts. It could be
visible to the naked eye that very significant differences exist
between the sizes of the Pd particles of the different catalysts.
The particle size distributions (Fig. ES4†) and medium
Fig. 3 NH3-TPD curves of the catalysts.








(%)Mass (%) Atomic (%)
Fe3-800-Pd 0.95 0.11 1.82 2.0 56.3
Zn3-500-Pd 0.60 0.07 0.65 15.3 7.3
P3-500-Pd 1.10 0.14 0.60 13.5 8.3
Na4-800-Pd 0.58 0.07 0.26 2.7 41.2
K4-800-Pd 1.25 0.16 0.21 4.7 23.9
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particle sizes (Table 2) indicate that all the Pd particles are
nanometric in size in the range of around 1.0 up to 35.0 nm
with monodisperse particle size distributions for all the cata-
lysts. The analysis of the mean particle sizes allows catalysts
with low Pd particle sizes (below 5 nm), namely, Fe3-800-Pd,
Na4-800-Pd and K4-800-Pd, and those with higher particle
sizes (>13 nm), Zn3-500-Pd and P3-500-Pd, to be recognized.
These significant differences can be associated with the dif-
ferent surface acidities of the carbon supports, with which a
clear relationship seems to exist. However, a correlation with
the different pore size distributions is also found. The cata-
lysts with the highest surface acidity, P3-500-Pd and Zn3-500-
Pd, exhibited the highest mean particle sizes (13.5 and 15.3
nm, respectively), but they also showed a higher contribution
of mesoporosity. In contrast, Fe3-800-Pd showed the lowest
surface acidity, the highest narrow micropore surface area
and the lowest mean particle size (2.0 nm). It is usually ac-
cepted that the dispersion is favoured by the surface acidity,
typically in the form of oxygen surface functionalities. In our
case however, the carbons with the highest surface acidity
showed the lowest dispersion. This behaviour has been previ-
ously observed for activated carbons treated with HCl and
HNO3, which showed a decrease of metal dispersion after
these acid treatments.42 The authors ascribed this behaviour
to different possible causes such as the decrease of surface
area and pore volume, enhancement of support
degasification under the reductive treatment or hindering of
anchorage of the Pd precursor. Further studies are necessary
to clarify the contribution of these properties to the forma-
tion of metal particles.
3.2. HDC tests
Fig. 6 presents the TCM conversion versus reaction tempera-
ture using all the catalysts synthesized. The conversion in-
creases with reaction temperature. All the catalysts achieved
a total TCM conversion in the temperature range analysed,
and even K4-800-Pd reached a complete conversion of the
chloromethane at a temperature as low as 125 °C. The differ-
ent conversion values obtained with the different catalysts ap-
pear to be a consequence of the differences in the Pd particle
sizes. To shed light on the influence of the Pd particle size
on the activity of the catalysts, Fig. 7 presents the turnover
frequency (TOF) values at 100 °C as a function of the mean
Fig. 4 Deconvoluted Pd 3d spectra.
Fig. 5 Representative TEM images of the catalysts.
Fig. 6 TCM conversion versus reaction temperature (1000 ppmv inlet
concentration and 0.8 kgcat h mol
−1 TCM space time).
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particle size. The TCM HDC on these catalysts seems to be a
structure-sensitive reaction, showing an increasing activity
with increasing Pd particle size. This behaviour is in agree-
ment with previously reported results by Ramos et al.42 for
the same reaction using also Pd supported on activated car-
bon catalysts. They reported a clear increase of TOF values
with decreasing dispersion. Table 3 summarizes the TOF
values at different temperatures for the HDC of TCM on the
different catalysts. TOF values in the range of around 12 to
240 h−1 were obtained in the temperature range analysed. Ra-
mos et al.42 reported very high TOF values of approximately
10 080 h−1 over a carbon-supported Pd (9 wt%) catalyst at 100
°C with a space velocity of 16 h−1 for the HDC of TCM. More
similar results to those obtained in our work were shown by
Martin-Martinez et al.18 for the same reaction with TOFs be-
tween 50 and 430 h−1 at 150 °C using Rh, Ru, Pd and Pt in ac-
tivated carbon-supported catalysts. In the HDC of other
chloromethanes, Bonarowska et al.49 reported TOF values in
the range of 25–1650 h−1 for the HDC of tetrachloromethane
(TTCM) at 90 °C using alumina- and silica-supported plati-
num catalysts. The same research group obtained TOF values
between 7.3 and 619 h−1 using Au, Pd and Au–Pd catalysts on
Sibunit carbon.50 In the case of HDC of dichloromethane
(DCM), Bedia et al.5 obtained TOF values in the range of
25.2–75.6 h−1 at 150 °C using bimetallic Pt–Pd supported on
sulfate zirconia catalysts. TOF values of around 0.9 h−1 at 120
°C were reported for the HDC of DCM over alumina and sol–
gel titania-supported Pd catalysts.51
The purpose of this work is not only the removal of the
chloromethane pollutant but also its valorisation upon
transformation into more valuable hydrocarbons, preferably
other than methane. In this sense, Fig. 8A and B present
the evolution of selectivity with reaction temperature with
(A) P3-500-Pd and (B) K4-800-Pd. The evolution of the selec-
tivities of the rest of the catalysts follows similar trends
(Fig. ES5†). The reaction products detected were
dichloromethane (DCM) and monochloromethane (MCM),
as a result of the incomplete dechlorination of the TCM
molecules, accompanied by methane, ethane and propane.
Traces of butane were also detected. At low reaction temper-
atures, methane, for all the catalysts, is the main reaction
product, followed by ethane.
With increasing temperature, the selectivity to methane
decreases, increasing the selectivities to the target products
ethane and propane and converting ethane into the main re-
action product (except for P3-500-Pd, in which methane is
the main product in all the temperature ranges analysed). It
is also noteworthy that the selectivities to the undesired in-
complete dechlorination by-products, DCM and MCM, are
relatively low, indicative of the high dechlorination degree
achieved by the catalysts.
Fig. 9 summarizes the selectivities to the different reaction
products at 200 °C, the temperature at which higher
Fig. 7 TOF (100 °C) versus mean Pd particle size.
Table 3 TOF values at different temperatures for the HDC of TCM
















Fig. 8 Selectivity versus reaction temperature with (A) P3-500-Pd and
(B) K4-800-Pd (τ = 0.8 kgcat h mol
−1; see conversion vs. temperature in
Fig. 6).



















































Catal. Sci. Technol. This journal is © The Royal Society of Chemistry 2018
selectivities to ethane and propane were obtained. A catalyst
based on a commercial activated carbon, Merck (ABET = 783
m2 g−1) with 1.0 wt% Pd (deposited by the same procedure
used for the rest of the catalysts), was included for compari-
son purposes. P3-500-Pd and Zn3-500-Pd show very similar
behaviour to Merck-Pd, with selectivities to ethane and pro-
pane of around 50% and high dechlorination degrees (selec-
tivities to DCM and MCM ≈ 5%). Fe3-800-Pd shows a slight
increase in the selectivity to ethane and propane (≈60%).
However, the most promising results were obtained with the
Na4-800-Pd and K4-800-Pd catalysts, which showed selectiv-
ities to the desired ethane and propane products of 77 and
68%, respectively (significantly higher than the approximately
50% obtained when using Merck-Pd). The outstanding results
of the Na4-800-Pd catalyst are negatively affected by the lower
dechlorination degree obtained with this catalyst (selectivities
to DCM and MCM ≈ 14%). However, the K4-800-Pd catalyst,
besides the excellent selectivity to the target compounds,
exhibited also a high dechlorination degree. The higher selec-
tivities to ethane and propane of Na4-800-Pd and K4-800-Pd
could be associated with the lower Pd0/Pdn+ ratios of these
catalysts (Table 2). The higher proportion of electron-
deficient Pd results in the higher selectivities to C2–C3 paraf-
fins. This confirms that the formation of hydrocarbons with
more carbon atoms than methane is enhanced by the combi-
nation of two chlorinated radicals adsorbed on adjacent
electron-deficient metallic sites, suggested in previous
studies.52–55 The results obtained here show a higher influ-
ence of the Pd oxidation state than the particle size on the se-
lectivity. In contrast, the particle size seems to have a greater
influence on the activity of the catalysts. We have performed
an additional test, with the K4-800-Pd catalyst, analysing the
HDC of TCM up to reaction temperatures of 400 °C. At 300
°C even better results were obtained with a selectivity to eth-
ane and propane of more than 80% and a very high dechlori-
nation degree (DCM was not detected and the selectivity to
MCM was only 2.8%). Further increase of the reaction tem-
perature up to 400 °C leads to even a slight increase of the se-
lectivity to ethane and propane (82.7%) and further decrease
of the selectivity to incomplete dechlorination products (no
DCM, 1.6% MCM). However, at this temperature, the carbon
balance fails by around 15%, probably due to the generation
of condensation products at this high temperature with a
consequent yield decrease and more probably future deactiva-
tion of the catalyst.
In this sense, we have analyzed the stability of the catalyst
yielding the highest conversion, K4-800-Pd. Fig. 10A and B
present the evolution of the TCM conversion and selectivities
with time on stream at reaction temperatures of 100 and 200
°C, respectively. At 100 °C the conversion of TCM decreases
continuously although at a moderate rate (after more than 50
h of reaction the conversion decreases from 76 to 62%). Fur-
thermore, it seems that beyond 40 h on stream a pseudo-
stationary state is reached, and the TCM conversion de-
creases very slowly. Meanwhile, the selectivities to the differ-
ent reaction products did not suffer from significant modifi-
cations. At 200 °C the catalyst showed outstanding stability,
yielding total conversion of TCM along the 60 h on stream of
the experiment. Furthermore, the selectivities did not suffer
from significant changes and a very high dechlorination de-
gree was maintained, with only traces of MCM detected and
a selectivity to DCM below 5%. These results indicate a fairly
good performance of the catalyst.
Fig. 9 Selectivities of the catalysts to ethane + propane, methane and
DCM + MCM at 200 °C (total TCM conversion).
Fig. 10 Evolution of TCM conversion and selectivities with time on
stream with the K4-800-Pd catalyst at (A) 100 °C and (B) 200 °C (1000
ppmv inlet concentration and 0.8 kgcat h mol
−1 TCM space time).
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Conclusions
Pd supported on activated carbons by incipient wetness im-
pregnation obtained from lignin by chemical activation re-
sults in catalysts with good activity for the HDC of TCM. The
use of different activating agents allows obtaining carbon-
based catalysts with tuneable properties, such as porosity,
surface acidity, metallic to electron-deficient ratios or particle
size of the active phase. TOF values in the range of around 12
to 240 h−1 were obtained in the temperature range analysed.
In this work, the objective was to maximize the selectivity of
the reaction to light paraffins, ethane and propane. The best
results, in terms of the dechlorination degree and selectivity
to the target compounds, were obtained with the KOH-
derived catalyst, with a selectivity to ethane and propane of
more than 80% and with a very high dechlorination degree at
a reaction temperature of 300 °C. This catalyst is character-
ized by a high surface area and low surface acidity which re-
sults in a low particle size (≈5 nm) and low Pd0/Pdn+ ratio.
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Fe3-800 951 0.44 34 0.53 
Zn3-500 1142 0.26 569 0.99 
P3-500 559 0.10 348 0.45 
Na4-800 2350 1.05 186 1.26 




Table ES2. Bulk palladium content of the catalysts as determined by ICP. 
 





















































Figure ES5. Selectivity versus reaction temperature with (A) Zn3-500-Pd. (B) Fe3-800- 
Pd and (C) Na4-800-Pd (τ = 0.8 kgcat·h· mol
-1
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ABSTRACT: This study analyzes the selectivity of Pd (1 wt %) catalysts supported on different activated carbons to produce
olefins from hydrodechlorination of chloroform. It was found that selectivity to olefins was favored by a higher zerovalent to
electrodeficient Pd ratio (Pd0/Pdn+) and by a lower amount of oxygen-containing surface functional groups on the activated
carbon supports. Thus, the highest selectivity to olefins was obtained by catalysts supported on FeCl3- and ZnCl2-activated
carbons. Conversely, the catalysts supported on KOH-, NaOH-, and H3PO4-activated carbons gave the lowest selectivity to
olefins. These catalysts showed higher surface concentrations of electro-deficient Pd as well as high concentrations of oxygen
functional groups that enhance the adsorption of reactants and intermediates. This leads to complete hydrogenation of reaction
intermediates and poisoning of active sites by the adsorption of chlorocarbon compounds. ZnCl2-derived catalysts with the
highest selectivity to olefins also showed an outstanding stability, most likely due to redispersion into very small and well-
distributed Pd particles during the reaction. However, FeCl3-derived catalysts gave rise to sintering of Pd particles, resulting in a
marked loss of activity.
■ INTRODUCTION
Chloromethanes are toxic and harmful species1,2 emitted in gas
streams from different industrial processes, and therefore, their
release to the atmosphere is submitted to stringent regulations.
There are several techniques available for the removal of these
compounds. However, their transformation into valuable
hydrocarbons, such as low molecular weight olefins, ethylene,
and propylene, has much more interest. These are well-known
key petrochemicals3,4 that are currently produced in energy-
intensive industrial processes.5 In addition, chloromethanes
can be used as intermediates in the conversion of methane to
olefins.
The valorization of methane by activation using halogen-
intermediated processes at mild conditions followed by a
dehalogenation pathway, for the production of olefins, is
attracting much interest in the recent literature.6 The halogen-
intermediated processes have been successfully used in other
industrial processes such as the production of polymers and
fine chemicals.7 The reactivity of the radicals taking part in the
halogenation of methane depends on the halogen, chlorine,
and bromine being the most thermodynamically favorable.8,9
Bromination shows a better selectivity control, but chlorination
has the advantages of being a well-established industrial
process, and chlorine is more readily available and cheaper
than bromine.
Catalytic hydrodechlorination (HDC) can be considered as
a good alternative for the valorization of chloromethanes into
olefins. It operates under moderate conditions of temperature
and pressure and has been widely studied for the treatment of
chloromethanes with the objective of converting these
pollutants into species with lower toxicity. However, the
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transformation of chloromethanes into olefins still remains a
challenge.10 Some authors11,12 found the formation of C2−C4
hydrocarbons in the HDC of carbon tetrachloride with Pd/C
catalysts. However, in these studies, the amount of olefins was
not reported, the selectivity to methane was very high (>40%
in most of the cases), and the catalysts were deactivated in less
than 10 h. The HDC of a mixture of different chloromethanes
to obtain high-valued olefins was also investigated.10 The
results were promising in terms of conversion and selectivity,
but no long-time on-stream stability was reported. Other
studies presented good results on the dechlorination of
monochloromethane to olefins using molecular sieves like
ZSM-5, HZSM-5, SAPO-34, and HSAPO-34 as catalysts,13−17
but they suffered a rapid deactivation, which is a limiting factor
for the application of this technology. The catalysts most
commonly used in gas-phase HDC are composed of a metallic
active phase (such as, Pt, Pd, and Rh) supported on different
porous materials, such as activated carbons,18 zeolites, or
zirconia,19−23 among others. We recently studied24 the
behavior of Pd, Pt, Rh, and Ru catalysts in the hydro-
dechlorination of chloromethanes to yield ethane and ethylene.
It was confirmed, by both computational and experimental
approaches, that Pd was the most suitable active phase for the
valorization of chloromethanes into C2 hydrocarbon. In a
subsequent work, we studied the chloroform conversion into
ethane and propane by catalytic HDC with Pd supported on
activated carbons obtained from lignin by chemical activation
with different agents.25 The highest selectivities to ethane and
propane were obtained with the catalysts supported on KOH-
and NaOH-activated carbons, which showed the highest
surface areas and the lowest Pd0/ Pdn+ ratios. Nevertheless,
the selectivity to olefins was almost negligible, and therefore,
the performance of the catalysts needs to be optimized. Other
studies have reported higher selectivities to olefins using
supported Pd catalysts in the HDC of 1,2-dichloro-
ethane21,23,26,27 instead of more common chloromethanes,
such as chloroform (TCM) or dichloromethane (DCM).
The aim of this study was to formulate a stable catalyst to
obtain high yields of olefins (ethylene and/or propylene) from
the hydrodechlorination of trichloromethane (TCM) that is
used as a model chloromethane. In addition, a principal focus
was placed on understanding the key factors that affect the
selectivity to olefins in hydrodechlorination reactions. Based on
a previous work,25 Pd catalysts were prepared that are
supported on activated carbons of tunable properties obtained
by chemical activation of lignin. Special attention was given to
understanding how changes in carbon surface chemistry and
reaction conditions (H2:TCM molar ratio, reaction temper-
ature, and space time) affect the selectivity to producing
olefins. The stability of the catalysts and the modifications that
catalysts undergo during the reaction were also monitored in
detail. The analysis of the physicochemical properties of the
catalysts and their performance in the hydrodechlorination
reactions allowed establishing structure−performance relation-
ships that are useful for designing catalysts that are highly
selective to olefins and stable during hydrodechlorination
reactions.
■ EXPERIMENTAL SECTION
Granit lignin was obtained from Granit S.A. (Switzerland, C,
61.6%; H, 6.0%; N, 1.1%; S, 0.2%; ash content, 2.0 wt %).
ZnCl2 (>99%), KOH pellets (>85%), H3PO4 (85%), PdCl2
(99%), and HCl (37%) were supplied by Panreac, with
anhydrous FeCl3 (>98%) from Riedel-de Haen̈ and NaOH
pellets (95%) from Scharlau. Chloroform (0.4% mol in N2)
and H2 and N2 (both 99.999% purity) were provided by
Praxair.
Five activated carbons were synthesized as supports by
chemical activation of lignin with FeCl3, ZnCl2, H3PO4, KOH,
and NaOH. The activation procedures were described
elsewhere.25 Briefly, lignin was physically mixed with each
activating agent at a mass ratio (activating agent:lignin) of 3:1
with ZnCl2, FeCl3, and H3PO4 and 4:1 with NaOH and KOH.
The impregnated samples were heated for 2 h at an activating
temperature, under a nitrogen atmosphere, in a tube furnace
electrically heated. The activation temperature was 500 °C in
the case of ZnCl2 and H3PO4 and 800 °C for NaOH, KOH,
and FeCl3, always reaching a 10 °C min
−1 heating rate. After
cooling to room temperature under a nitrogen atmosphere, the
resulting samples were washed with an HCl aqueous solution
of 0.1 M at 70 °C, under continuous stirring (300 rpm) for 3 h
and using a ratio of 200 cm3 of the HCl aqueous solution per
gram of recovered sample. Later, washing was carried out with
distilled water until a neutral pH of the eluate, followed by
drying at 60 °C for 24 h. The activated carbons were denoted
by the representative element of the activating agent (Fe, P,
Na, K, and Zn) followed by C.
The active metal phase was in all cases Pd, deposited by
incipient wetness impregnation, with a 1 M HCl aqueous
solution of PdCl2, for a nominal 1% of Pd in weight. After
impregnation, the samples were dried for 12 h at 70 °C in an
oven. The catalysts were named by the notation of the support,
followed by Pd (for instance, ZnCPd).
The porous texture of the catalysts was characterized by N2
adsorption−desorption at −196 °C on a Tristar II 3020
apparatus (Micromeritics). Previously, all the samples were
outgassed for 12 h at 150 °C in a VacPrep 061 (Micro-
meritics). The BET equation was used to calculate the specific
surface area (ABET), while external surface area (AEXT) was
calculated using the t-method. X-ray diffraction (XRD) spectra
of the catalysts were obtained in a PANalytical XPert PRO
diffractometer. The samples were scanned using Cu Kα
monochromatic radiation (λ = 1.5406 Å, 45 kV, 40 mA) with
an X’Celerator detector. The scan range was 4−90° (2θ) with
a collection time of 20 s. The external surface composition was
analyzed by X-ray photoelectron spectroscopy (XPS) with a
Thermo Scientific apparatus with Al Kα radiation (1486.7 eV).
General spectra were recorded for the samples by scanning
binding energy (BE) from 0 to 1200 eV. Corrections for
changes in BE caused by sample charging were corrected by
taking the C 1s peak (284.5 eV) as an internal standard. The
size distribution of Pd particles and morphologies of the five
catalysts were analyzed by transmission electron microscopy
(TEM). TEM images were obtained using a JEM 2100
microscope from JEOL Company with an accelerating voltage
of 200 kV, with a resolution between points of 0.25 nm.
Particle size distributions were obtained from more than 100
particles. Chemical and size distribution analysis of the metallic
particles of FeCPd and ZnCPd used in the HDC reaction were
further performed with a FEI Tecnai F30 microscope, operated
at STEM mode and 300 kV, with a high-angle annular
darkfield detector (HAADF) and equipped with an EDS
detector (EDAX). Those catalysts samples were selected
because of their higher selectivity to olefins but opposite
deactivation behavior. Both samples were previously dispersed
in ethanol and dropped onto holey carbon-coated Cu grids.
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Mass spectrometry coupled to temperature-programmed
desorption (MS-TPD) experiments were carried out on a
Micromeritics TPD/TPR 2910 instrument, using 120 mg of
sample powder placed in a quartz tube. After 30 min 120 °C in
an Ar flow, the samples were heated at 10 °C/min to 900 °C
and maintained at that temperature for 15 min. The exit gas
stream was analyzed by an online quadrupole mass
spectrometer (Ametek Dycor, USA) to determine the amounts
of CO2 and CO evolved. The fitting of the TPD peaks was
performed by least-squares using Gauss peak shapes.
The HDC experiments were performed at atmospheric
pressure in a continuous flow reaction system (Micro-Activity,
from PID) described elsewhere,24 consisting of a quartz tube
(3 mm internal diameter) where the catalyst was placed. The
reactor exit was coupled to a gas chromatograph (Varian, CP-
SilicaPLOT 60m) with a FID detector. The catalysts were
previously reduced “in situ” under H2 atmosphere (50 Ncm
3
min−1) at the selected temperature for 2 h. The HDC runs
were carried out with 100 cm3 min−1 of total flow rate (N2 +
TCM + H2), a TCM inlet concentration of 1000 ppmv
(resulting in a space time τ = 0.2 kg h mol−1), and different
H2:TCM molar ratios (100/50/25/10:1). The reaction
temperature was raised from 75 to 350 °C, and the long-
term, steady-state experiments were performed at 300 °C.
The performance of the catalysts was evaluated in terms of
TCM conversion (X), selectivity to the different reaction













































inlet are the ppmv of the product i at the
reactor outlet and inlet, NC,j and NC,I are the number of carbon
atoms in the compound j and i, respectively.
■ RESULTS AND DISCUSSION
The effect of reduction temperature on the catalytic activity
was evaluated with a KCPd catalyst, which showed the best
selectivity to hydrocarbons other than methane (C1+) in a
previous work.25 The evolution of TCM conversion with
reaction temperature using that catalyst previously reduced at
250, 300, and 350 °C is given in Figure S1 of Supporting
Information. No significant differences were found. However,
regarding the selectivity to olefins (Figure S2), the catalyst
reduced at 300 °C gave the highest values at the different
reaction temperatures used. Therefore, this reduction temper-
ature was selected for the rest of the study. HDC of TCM led
to methane, ethane, propane, ethylene, and propylene,
accompanied by traces of butane and butene. Monochloro-
methane (MCM) and dichloromethane (DCM) were also
detected as incomplete dechlorination byproducts. It is worth
mentioning that with this reduction temperature the selectivity
to chloromethanes (MCM and DCM) was always below 5%,
and the carbon balance was closed at >95%.
The H2/TCM molar ratio can have a significant effect on the
selectivity of the reaction. Decreasing this molar ratio usually
increases the selectivity to olefins, though it also reduces the
rate of TCM conversion and can negatively affect the stability
of the catalyst. The results of TCM conversion versus reaction
temperature with the KCPd catalyst at four different H2/TCM
molar ratios are given in Figure S3. Conversion significantly
increased up to H2/TCM molar ratio of 50, and beyond that
value, no significant effect was observed. Figure 1 depicts the
effect of the H2/TCM molar ratio on the yield to olefins at
different reaction temperatures with the KCPd catalyst. In
general, the yield increases up to H2/TCM molar ratios in the
range 25−50 and then decreases beyond that value. The high
selectivities achieved at a H2/TCM molar ratio of 50 are
accompanied by a deeper dechlorination, and therefore, this
molar ratio was selected for the rest of the experiments.
The effect of the reaction temperature on TCM conversion
is given in Figure 2. As expected, in general, the conversion
increases with the reaction temperature, except for a slight
decrease at the highest temperatures tested (300 °C) with
NaCPd and FeCPd, attributed to the significant deactivation
suffered by these catalysts at that temperature. In contrast, a
complete conversion of TCM was achieved at 250−300 °C
with the three other catalysts. Figure 3 shows the selectivity to
olefins and paraffins at different reaction temperatures with the
catalysts that are more selective to olefins (KCPd, FeCPd, and
ZnCPd). In the three cases, the selectivity to olefins increased
with temperature, except for ZnCPd within the 125−200 °C
range, of minor relevance. At low reaction temperatures,
methane and ethane were the main reaction products, followed
by propane. As the reaction temperature increased, the
Figure 1. Evolution of the yield to olefins with reaction temperature
at different H2/TCM molar ratios (KCPd catalyst, τ = 0.2 kg h
mol−1).
Figure 2. Evolution of TCM conversion with reaction temperature on
the different catalysts at the optimized conditions (τ = 0.2 kg h mol−1,
reduction temperature = 300 °C; H2/TCM molar ratio = 50).
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selectivity to these products decreased significantly in favor of
ethylene and propylene, especially with the FeCPd and ZnCPd
catalysts. A reaction temperature of 300 °C was selected to
check the stability of the catalysts in long-term experiments
and compared the performance of all the catalysts.
Figure 4a shows TCM conversion upon time on stream with
the catalysts tested at 0.2 kg h mol−1 space time. All the
catalysts yielded complete initial TCM conversion but
displayed very important differences in their deactivation
trends. The most stable was ZnCPd, which did not show any
significant reduction of TCM conversion (<2%) after 52 h of
reaction. In contrast, FeCPd suffered a dramatic deactivation
after a few hours on stream, and then, a low residual activity
was maintained. This deactivation can be associated with the
deposition of byproducts since the carbon unbalance reached
12%.28−30 The other three catalysts showed also a clear
monotonical deactivation, although at lower rate. In all the
cases, a quite stable selectivity to olefins was observed (Figure
4b). That selectivity followed the order FeCPd > ZnCPd >
KCPd ≈ NaCPd > PCPd. The two first yielded significant
values of selectivity to olefins (62% and 55%, respectively)
during the 50 h on stream experiments. Therefore, ZnCPd is
by far the best performance catalyst for olefins production
upon TCM hydrodechlorination. Table 1 summarizes, in more
detail, the selectivity values to the different reaction products.
As can be seen, at the space time used in the experiments, a
complete dechlorination was not achieved, although with the
best catalysts, ZnCPd, almost a 93% conversion was reached,
with the rest remaining far below that value. The olefins
produced were ethylene and propylene, being the first main
reaction product in all cases except with the PCPd catalyst,
which was much more selective toward methane.
The N2 adsorption−desorption isotherms at −196 °C of the
different catalysts before and after use in a long-term test (50 h
on stream) are given in Figure S4 of Supporting Information.
All the isotherms correspond to essentially (FeCPd, NaCPd,
and KCPd) or predominantly (PCPd and ZnCPd) micro-
porous solids. The last two include a significant contribution of
mesoporosity, most in particular ZnCPd. After use, the shape
of the respective isotherms did not change, but the N2 uptake
decreased quite significantly, thus indicating a partial blockage
of the initial porosity, which must be due to surface coverage
by deposition of species involved in the reaction, including
possible coke formation. This is consistent with the C balances,
which, although in different extents, were never closed.
Table 2 summarizes the BET surface area, ABET, and the
external surface area, AEXT, of the fresh and used catalysts. All
the catalysts show high BET surface area values, although with
significant differences associated with the nature of the
corresponding carbon supports prepared with different
activating agents. The most stable catalyst, ZnCPd, is also
the one with more open and widely distributed porous texture,
Figure 3. Evolution of selectivity to olefins and paraffins with reaction
temperature (τ = 0.2 kg h mol−1, H2/TCM molar ratio = 50).
Figure 4. Evolution of (a) TCM conversion and (b) selectivity to
olefins with time on stream (τ = 0.2 kg h mol−1, reaction temperature
= 300 °C, H2/TCM molar ratio = 50).
Table 1. TCM Conversion, Selectivity, and Dechlorination Degree after 50 h on Streama
Conversion (%) Selectivity (%)
XTCM CH4 C2H6 C2H4 C3H8 C3H6 DCM Dechlorination (%)
ZnCPd 98 14 17 39 3 16 8 92.8
PCPd 37 63 1 20 0 3 13 33.8
FeCPd 19 26 7 53 1 9 2 18.7
KCPd 47 16 32 25 10 9 2 46.4
NaCPd 31 17 33 27 9 8 1 30.8
aReaction temperature = 300 °C; τ = 0.2 kg h mol−1; H2/TCM molar ratio = 50.
Table 2. Porous Texture Parameters of Fresh and Used
Catalysts after 50 h Reaction
ABET (m
2 g−1) AEXT (m
2 g−1)
Catalyst Fresh catalysts Used catalysts Fresh catalysts Used catalysts
FeCPd 852 435 55 33
ZnCPd 1103 695 709 383
PCPd 732 409 406 233
NaCPd 2158 1942 108 172
KCPd 2991 2812 85 160
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which is expected to get less blockage of active sites since it has
substantially higher external, or nonmicropore, area.
Table 3 displays the amount of CO and CO2 desorbed from
the catalysts upon TPD. Activation with alkaline agents
produced a significantly higher amount of oxygen groups on
the surface of the carbon support. In all cases, a much higher
amount of CO was evolved, this being associated mostly with
oxygen groups of basic or weakly acid character. The ZnCPd
and FeCPd catalysts, showing lower amounts of surface oxygen
groups, yielded also higher selectivities to olefins (Table 1).
The catalysts with higher amounts of these groups showed
deep deactivation which can be associated with enhanced
adsorption of reactants and/or reaction products. The strong
deactivation of the FeCPd catalyst has a different origin, as is
explained later in the text.
Table 3 includes the assessment of surface CO2- and CO-
evolving groups from the deconvolution of the TPD profiles
(Figures S5 and S6), according to literature criteria.31−33
Besides the lower amount of total oxygen groups observed for
ZnCPd and FeCPd, the more remarkable difference is the
absence, or very small amount, of carbonyl/quinone groups in
these catalysts. The presence of these groups may promote
hydrogenation reactions by favoring adsorption of reactants
and thus reaction with the surrounding H2.
34−36 The high
concentrations of the aforementioned groups on the surface of
NaCPd and KCPd catalysts may enhance the extent of
hydrogenation of the adsorbed radicals leading to a higher
proportion of ethane and propane instead of ethylene and
propylene (Table 1). PCPd, with the highest amount of CO
evolving groups, allowed the highest hydrogenation extent and
the lowest selectivity to olefins. However, the poor perform-
ance of PCPd for chloromethane coupling (Table 1) can be
explained by the presence of C−O−P surface groups providing
very strong acid sites, as was found in a previous work,32 due to
the remaining phosphorus from the activating agent. The
formation of these surface groups, which decompose to CO at
high temperature, and their implication in the formation of
strong acid sites has been previously reported by other
authors.32,33,37−39
The catalysts surface composition and palladium oxidation
state of reduced and used catalysts was analyzed by XPS, and
the results are summarized in Table 4. The reduced fresh
catalysts show two species of Pd, a Pd 3d5/2 peak centered at
approximately 335.5 eV, which can be assigned to Pd0
(metallic Pd), and another lying near 338.0 eV, corresponding
to Pdn+ (electrodeficient palladium)40,41 (Figure S7). The
different concentrations of oxygen functional groups on the
surface seem to have a direct implication on the Pd oxidation
state. Correlation between the total amount of CO + CO2
released and the Pdn+/Pd0 ratio can be seen in Figure 5. The
interaction of the Pd precursor with the surface oxygen groups
may lead to an increase in electro-deficient Pd as suggested by
Figure 5. Except for PCPd, the behavior of which appears to be
affected by the presence of strong acid sites derived from
phosphorus surface groups, the selectivity to olefins is
enhanced with an increasing Pd0/Pdn+ ratio.
The analysis of the catalysts after the reaction shows a
decrease of zerovalent Pd for KCPd, NaCPd, and FeCPd,
while for ZnCPd this proportion increases, contributing to the
reactivation of the catalyst at the highest time on stream
tested42 (Figure 4). On the other hand, an increase in organic
chlorine on the surface of the catalysts was observed after
reaction (Table 4), more pronounced in KCPd and NaCPd.
An example of the deconvolution of Cl 2p spectra is shown in
Figure S8. Poisoning of active centers by chlorocarbon seems
to occur, as previously was found for other Pd/C
catalysts.43−47 A molecular simulation study30 showed that
electro-deficient species favor nondissociative adsorption of
chloromethanes. The high amount of •Cl on the used KCPd
and NaCPd catalysts suggests that the presence of CO-
evolving groups promotes irreversible chemisorption of
chlorocarbons. Moreover, deconvolution of Pd 3d5/2 for
these two catalysts suggests the formation of palladium carbide
species,46,47 which may contribute to deactivation of the
catalysts (Figure S9).
A significant decrease in concentration of surface Pd is
observed except for FeCPd where the opposite occurred
Table 3. Distribution of oxygen surface groups obtained by
deconvolution of CO2 and CO TPD Profiles
Catalyst
CO2 (μmol g
−1) ZnCPd FeCPd NaCPd KCPd PCPd
Carboxylic acids 49.9 88.4 143.0 245.1 45.8
Lactones 25.0 74.4 136.0 231.3 7.9
Anhydrides 83.2 72.3 148.1 229.6 81.3
Total CO2 158 235 427 706 135
CO (μmol·g−1) ZnCPd FeCPd NaCPd KCPd PCPd
Aldehydes and Ketones 35.5 42.8 150.2 224.0 33.2
Anhydrides 83.2 71.3 165.2 227.0 81.8
Phenol 620.4 370.7 2703.3 771.8 417.6
Carbonyl and Quinone − 71.3 300.4 363.2 491.2a
Total CO 739 556 3319 1586 1023
Total CO2 + CO 897 791 3746 2292 1158
aIt can be additionally ascribed to C−O−P surface groups.
Table 4. Pd and Cl Mass Surface Concentration and Pd
Oxidation State Obtained by Deconvolution of Pd 3d XPS
Signal of Fresh and Used Catalysts
Catalyst % Pd (wt) % Pd0 % Pdn+ % PdC % Cl (wt)
FeCPd fresh 0.25 77 23 − 1.47
used 1.24 58 42 − 5.67
ZnCPd fresh 1.13 65 35 − 0.61
used 0.68 72 28 − 1.85
PCPd fresh 1.45 60 40 − −
used 0.47 61 39 − 9.89
NaCPd fresh 0.62 48 52 − 1.37
used 0.36 28 18 54 23.50
KCPd fresh 0.95 47 53 − 0.92
used 0.38 22 17 61 16.55
Figure 5. Pdn+/Pd0 ratio and CO + CO2 evolved from TPDs of
different catalysts.
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(Table 4). Besides the important decrease in surface area of
PCPd after use, the reduction of Pd content (Table 4)
supports the conclusion that deactivation of this catalyst takes
place mainly by the blockage of metallic active sites by
carbonaceous deposits. TCM conversion decreased more
markedly at the end of the long-time experiment (Figure 4a)
and formation of deposits is probably promoted by the strong
acid surface sites as identified in previous work.25,32,33,48,49 By
contrast, the FeCPd used catalyst showed an increase in
surface Pd, and the relative amount of Pdn+ species, with a
reduction in surface Fe content observed by XPS (not shown)
that suggest migration and modification of the oxidation state
of Pd particles during the reaction by the interaction with the
reactants. However, the catalyst could be regenerated after
treatment with a flow of air of 50 cm3 min−1 at 300 °C during
12 h. The conversion level and complete selectivity to olefins
were recovered after this treatment.
Figure S10 shows the XRD pattern of the five catalysts prior
and after use. Metallic Fe with peaks at 44.4°, 64.8°, and 82.1°
is the main phase identified on the reduced fresh catalyst.
Peaks at 31.0°, 35.2°, 42.9°, and between 53.0° and 62.5° can
be ascribed to FeO, which disappear after reduction at 350 °C
(not shown). The presence of FePd particles cannot be
discarded since they share a diffraction angle with Fe. After the
reaction, the most significant modification is the disappearance
of Fe peaks, besides the increase in the intensity and the shift
to a higher scattering angle of the metallic Pd signal. In
addition, new Fe phases were identified. The results suggest a
significant modification and sintering of active centers, which
can be attributed to the interaction with the chlorinated
atmosphere, leading to strong deactivation of the catalyst.
The XRD patterns of the fresh KCPd reduced at 300 °C and
after 50 h on stream show only two peaks at 28.2° and 40.3°,
corresponding to KCl.50 The absence of Pd diffraction peaks
suggests that the metallic phase is highly dispersed, without
sintering during the reaction. The wide bands at 22° and 43°
correspond to the turbostratic carbon phase, graphite-like
layered structure, but without the 3-D crystal structure of
graphite.51 This phase is commonly observed in chemical
synthesis working at high temperatures (≥500 °C).52−54
NaCPd patterns also show NaCl phases (Figure S10).
However, unlike the case of KCPd, now peaks associated
with metallic Pd can be seen with a shift to a higher scattering
angle after reaction. This may indicate the formation of Pd
carbide species,42,46 in agreement with the XPS results. The
formation of these species was found to cause the deactivation
of Pd catalysts in previous studies.46,47 No diffraction peaks
were found in the patterns of ZnCPd and PCPd catalysts
(Figure S10), suggesting a good dispersion of Pd.
Figure 6. TEM images of fresh and used catalysts.
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The Pd particle size distributions were obtained from TEM
images (Figure 6). The FeCPd catalysts show Fe clusters
clearly visible. In the fresh reduced catalyst, those clusters have
a mean particle size of 60 nm. No presence of Pd was observed
by EDX, indicating that Pd particles are very small (smaller
than the 2 nm, resolution limit of the microscope) or
surrounded by huge Fe and FeO clusters or big aisle
agglomerates that make it difficult to see them by TEM.
After HDC, sintering of Fe clusters can be observed. These Fe
aggregates have been confirmed by XRD and are typical of
particles with magnetic properties, as Fe/FeO. The mean
particle sizes for the fresh and the used KCPd catalysts were
5.4 and 3.8 nm, respectively. No sintering of Pd particles was
observed after the reaction; in contrast, some redispersion
seems to have occurred. Small and well-distributed Pd particles
and those of sizes up to 20 nm are observed for the fresh
NaCPd catalyst, with a mean particle size of 7.9 nm.
Comparison with XRD results suggests that this catalyst
exhibits a great heterogeneity of Pd particle size. On the other
hand, considerably larger particles (30.0 nm of mean particle
size) are seen in the used one. However, this feature does not
seem to have a significant effect on the performance of this
catalyst, which is more remarkably influenced by the metal
oxidation state and surface carbon chemistry.
ZnCPd undergoes a redispersion of Pd particles after the
HDC reaction. Mean particle sizes of 10.0 and 2.7 nm were
measured for the fresh reduced and used catalysts, respectively.
This redispersion has been widely reported in the literature,
which can take place in a chlorine environment at moderate
temperatures, depending on the nature of the support, metallic
phase, and chlorine concentration.55−57 In former hydro-
dechlorination studies, small particle sizes were found to
prevent deactivation of metallic catalysts avoiding the
oligomerization of carbonaceous species and subsequent
poisoning of active centers.46,58 The excellent stability of the
ZnCPd catalyst appears to be a consequence of the
combination of an optimum surface chemistry and metal
particle size. A mean particle size of 3 nm was measured in the
used PCPd catalyst. This is consistent with XRD and confirms
that the deep deactivation of this catalyst is not due to metal
particles sintering but to its surface chemistry and acidity.
Since ZnCPd- and FeCPd-based catalysts showed the
highest selectivity to olefins but very different stabilities,
additional STEM characterization of the used catalysts was
carried out to confirm the differences in Pd particle sizes.
STEM images are given in Figure 7. ZnCPd showed very small
Pd nanoparticles homogeneously distributed over the surface
of the support, with a mean particle size of 2.3 nm. The
analysis revealed that they were only composed of Pd. In
contrast, FeCPd showed very few Pd nanoparticles of 30 nm in
size and above. The analyses yielded 97.5% (atomic) Pd and
2.49% Fe, suggesting the formation of bimetallic particles or an
alloy under the reaction conditions. These findings support the
observed high and low stability of ZnCPd and FeCPd catalysts,
respectively.
■ CONCLUSIONS
Ethylene and propylene can be selectively obtained from the
hydrodechlorination of chloroform at suitable reaction
conditions (H2/TCM molar ratio of 50 and reaction
temperature of 300 °C) by using Pd catalysts on carbon
supports prepared by activation of lignin with ZnCl2 and
FeCl3. All the catalysts used in this study showed high TCM
conversion, but the yield to olefins and the stability of the
catalysts varied greatly depending on their surface properties.
The use of different agents to activate lignin confers to the
support of a distinct morphology and the concentration and
composition of surface CO and CO2 evolving groups. These
variations result in different Pd electro-deficiency and metal
particle size distribution. There is a correlation between the
amount of surface oxygenated groups and the proportion of
Pdn+ in the catalysts. The presence of these groups and Pd
species appears to promote the complete hydrogenation of
reaction intermediates, as they favor a strong adsorption of
reactants, leading to a higher selectivity to alkanes.
Furthermore, they promote the deactivation of the catalysts
because of the poisoning of active centers by chemisorption of
chlorocarbon compounds. In contrast, ZnCl2- and FeCl3-
derived catalysts, with a higher proportion of zerovalent Pd and
lower amount of surface oxygen functional groups, render the
highest selectivity to olefins. However, the presence of Fe
particles on the surface of a FeCl3-derived catalyst and its high
microporosity promotes sintering of Pd particles and the
blockage of active centers by carbon deposition, which in turn
lead to a strong deactivation of the catalyst during the HDC
reaction. The weaker interaction of Pd particles with support
on a ZnCl2-derived catalyst (as a consequence of the significant
contribution of mesoporosity), in addition to the low amount
of surface oxygen functional groups on the surface, lead to the
redispersion of the active phase during the reaction. Thus, the
formation of very small and homogeneously distributed Pd
particles prevents the deactivation of the catalyst and results in
a high selectivity to olefins.
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M.; Baker, R. T.; Palomar, J.; Omar, S.; Eser, S.; Rodriguez, J. J.
Deactivation Behavior of Pd/C and Pt/C Catalysts in the Gas-Phase
Hydrodechlorination of Chloromethanes: Structure-Reactivity Rela-
tionship. Appl. Catal., B 2015, 162, 532−543.
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Figure S1. Evolution of TCM conversion with reaction temperature using KCPd 






























Figure S2. Evolution of selectivity to olefins with reaction temperature using KCPd 




Figure S3. Evolution of TCM conversion with reaction temperature using different 
H2/TCM molar ratios (KCPd catalyst, τ = 0.2 kg h mol
-1, H2/TCM molar ratio = 100, 












































































































































































































Figure S7. XPS Pd3d deconvolution of the fresh catalysts. 
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Figure S8. XPS Cl2p deconvolution of the fresh and used KCPd catalysts. 
 
 







































































































Figure S10. XRD patterns of fresh and used catalysts. 
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Abstract: Gas-phase catalytic hydrodechlorination (HDC) of trichloromethane (TCM) and 
dichloromethane (DCM) has been studied using Pd (1 wt%) supported on different zeolites as 
catalysts. The aim of the study is to know those surface properties of the catalysts and reaction 
conditions that promote the yield to light hydrocarbons in this reaction. Five different zeolite 
supports were used from three commercial zeolites (KL, L-type; NaY, Faujasite; H-MOR, 
Mordenite). KL and NaY were submitted to ionic exchange treatments in order to increase their 
acidity and analyze the effect of the acidity in the activity and selectivity of the HDC reaction. 
Exchanged zeolites (HL and HY, respectively) showed the highest Pd dispersion due to their higher 
surface acidity. The best TCM/DCM conversion and selectivity to light hydrocarbons were obtained 
using the two non-exchanged zeolite-catalysts, KL and NaY. Low surface acidity seems to be the 
key aspect to promote the formation of light hydrocarbons. The formation of these products is 
favored at high reaction temperatures and low H2:chloromethane ratios. KL showed the highest 
selectivity to olefins (60 %), although with a lower dechlorination degree. Non-exchanged NaY 
catalyst showed high selectivity to paraffins (70 and 95 % for the HDC of DCM and TCM, 
respectively).  




Chloromethanes are volatile organic compounds (VOCs) with one or more chlorine atoms. 
These compounds are released to the environment as a result of their use on different industrial 
applications [1]. Due to their hazardous characteristics for human health and environment, the 
difficult substitution on many industrial processes and the increase in industrial emissions [2], 
governments are limiting their emissions through more stringent environmental regulations [3,4]. In 
this context, there is a growing interest in the research of removal or degradation of chloromethanes 
from outlet gas streams. Most of the published works are focused mainly on the elimination of 
chloromethanes, with little attention to the selectivity of the reaction. However, the conversion of 
residual chloromethanes into high-value hydrocarbons, such as light olefins and paraffins, is a very 
interesting technological solution [5]. 
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Light hydrocarbons, especially light olefins have an important role on the petrochemical and 
pharmaceutical industries, as intermediates on the synthesis of many products. The main processes 
to produce them are steam cracking, fluid-catalytic cracking, and catalytic hydrogenation, all of them 
highly demanding on energy and capital [6]. In this context, there is much interest in the research and 
development of cheaper synthesis strategies. Catalytic hydrodechlorination (HDC) can be one of the 
alternatives considered to transform chlorinated compounds into more valuable light hydrocarbons. 
HDC has been widely studied for the removal of chloromethanes due to the mild required conditions 
of pressure and temperature [7]. However, only few works have reported high selectivity to olefins 
in the HDC reaction, using different types of supports and metallic active phases [8–12]. In most of 
those studies, deactivation and low concentration of chloromethane reactant limited considerably the 
possible application of the results. HDC catalysts frequently used noble metals as active phases 
because of their well-known high activity. The most commonly used are Pd, Pt, Rh and Ru, supported 
on different materials such as activated carbons, modified silica, zeolites, alumina and recently 
carbon nanofibers and nanotubes [13–17].  
Zeolites as supports have the advantage of tunable properties such as acidity, textural porosity, 
well defined structure, and in some cases, high specific surface area. Furthermore, as catalytic HDC 
is sensitive structure reaction, the interest of using zeolite as support increases because of their 
capacity to encapsulate metal nanoparticles (NPs), protecting them against aggregation and sintering, 
which are very common phenomena when using noble metals active phases [18,19]. As the NPs are 
isolated from others NPs due to their encapsulation on the zeolite cages and different channels, the 
catalytic activity can be improved, as well as the stability [20]. Due to this, zeolites were commonly 
used in liquid phase hydrodechlorination reactions [13,21,22], however, fewer studies have been 
applied to gas phase HDC [23–26]. In those gas-phase studies, usually conversion decreased after few 
hours on stream, high selectivities to methane were obtained, and/or very low reactant inlet 
concentrations (below 100 ppm) were used [23,27,28]. Hereunder, we summarize some of the results 
reported about gas-phase HDC of different chlorine compounds (not necessarily chloromethanes) on 
zeolite catalysts, that can be found in the literature. Srebowata et al. reported high selectivity to 
ethylene (75%) in the HDC of 1,2-dichloroethane using bimetallic Ag-Cu particles supported on β-
zeolites [23] and Ni on BEA-zeolites [24]. Nevertheless, the stability of the catalysts was poor, and the 
conversion decreased down to 6% after a few hours on stream, despite chloroethane molecules are 
usually more reactive than chloromethanes in HDC reaction. Pd and Pt supported on zeolites were 
used as catalysts in the HDC of carbon tetrachloride and dichlorodifluoromethane [25,26]. Pd-zeolites 
achieved higher selectivities to C2-C3 hydrocarbons than Pt one. It was concluded that the bond 
between carbon tetrachloride molecules and Pd atoms is stronger than with Pt one. So, the probability 
of hydrogen insertion into the same carbon tetrachloride fragment is higher when using Pd than with 
Pt, resulting in more methane with Pt, and more ethane with Pd [26]. We have previously reported 
two studies about TCM conversion into C2-C3 hydrocarbons by catalytic hydrodechlorination with 
Pd supported on activated carbons obtained by chemical activation of lignin [29,30]. These works 
concluded that KOH-derived carbon catalyst achieved the best results in terms of selectivity to ethane 
and propane, with a selectivity to those compounds higher than 80% and with a very high 
dechlorination degree at a reaction temperature of 300 °C. However, Pd containing ZnCl2 and FeCl3 
derived carbon catalysts gave rise to the best selectivity to olefins. Our research group has also 
compared the catalytic HDC using Ru, Rh, Pt and Pd supported on activated carbon using simulation 
and experimental analysis [31]. This study concluded that palladium is the active phase with the 
highest selectivity to C2-C3 hydrocarbons. 
The purpose of this study is to analyze the effect of surface properties of Pd (1 wt%) zeolite 
supported catalysts and reaction conditions in order to maximize the yield to valuable C2-C3 
hydrocarbons by HDC of two model chloromethanes, namely, dichloromethane (DCM) and 
trichloromethane (TCM).  
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2. Results and Discussion 
2.1 Characterization of the catalysts 
Figure 1 represents the N2 adsorption-desorption isotherms at -196 °C of the different catalysts. 
According to IUPAC classification, HMOR and KL isotherms are of type I, with most of the N2 uptake 
at low relative pressure and negligible hysteresis cycles, characteristics of predominantly 
microporous materials. On the other hand, NaY catalyst showed type IV isotherm, associated to 
mesoporous materials with a significant contribution of microporosity. NaY isotherm presented H4 
hysteresis cycle associated to the capillary condensation of nitrogen in the mesopores [32]. 
Furthermore, this catalyst showed the highest nitrogen adsorption capacities, and therefore, the most 
developed porous texture. The ionic exchange with ammonium resulted in a significant decrease of 
the amount of N2 adsorbed, especially at low relative pressures, indicative of a reduction of the 
micropore volume. This reduction in porosity is a consequence of the cation interchange process, 
which according to ICP results reduced the amount of Na from 7.50 down to 0.22% for NaY and HY, 
respectively, and similarly reduced the K content from 11.81 down to 0.21% for KL and HL catalysts, 
respectively. These results agree with those previously reported by Sato et al. [33] who studied the 
structural changes of Y zeolites during ion exchange treatments, analyzing the effects of the initial 
Si/Al ratio of the zeolite. They concluded that at low Si:Al ratios of 2.4 (like that of the NaY zeolite 
used in our study) the zeolitic framework structure deteriorated during the successive ionic 
interchange steps, as evidenced by the reduction in nitrogen adsorbed volume and crystallinity (as 
we will show later). Moreover, the lower reduction in the amount of nitrogen adsorbed in the ion 
exchanged KL zeolite when compared to the NaY one, can be due to the higher Si:Al ratio of the 
former. In general, the stability of the zeolitic framework during the ion exchange procedures 
decreased with increasing the number of Al in the framework [33]. 
Figure 1. N2 adsorption-desorption isotherms of the catalysts at -196 °C. 
Table 1 summarizes the BET surface area, ABET, micropore area, Amicro, external surface area, AEXT, 
and pore volume, Vpore, obtained from N2 adsorption-desorption isotherms. All the catalysts showed 
moderate specific surface areas, ranging from 98 to 342 m2 g-1, which are similar or slightly lower than 
those previously reported in the literature [34–37]. It is necessary to consider that the zeolites were 
impregnated with 1%wt of Pd, which could block a small part of the porosity of the zeolite support. 
The ABET values confirm that those zeolites treated by ionic exchange, HY and HL, suffered a 
significant reduction of their porosity. After ion exchange process, HY showed an ABET reduction 
close to 50 %, very similar to the reduction reported by Sato et al. [33] for the NaY zeolite with same 
Si/Al ratio after three cycles of ion exchange. This indicates the deterioration of the zeolitic framework 
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catalysts determined by ICP. As can be seen, the amounts of Pd in the different catalysts were very 
close to the selected 1 %wt., confirming the successful incipient wetness impregnation.  





Table 2. Pd mean particle size and dispersion from TEM, total desorbed ammonia obtained from 
TPD-NH3 and Pd metal mass content from ICP. 
Catalysts 
TEM NH3-TPD ICP 
Mean Pd  







KL 6.3 18 0.37 1.02 
NaY 4.2 26 1.49 0.97 
HMOR 1.9 57 2.29 0.98 
HL 1.4 79 1.75 0.99 
HY 2.3 48 1.96 1.03 
 
Figure 2 shows the TPR profiles of the non-reduced catalysts. The evolution of Pd species upon 
H2-TPR is well-described in the literature [38,39]. Bulk PdO reduces in hydrogen atmosphere at room 
temperatures (around 25 °C or even lower) and forms palladium hydrides, β-PdHx [40]. In our 
experimental set-up, we assume that all the accessible PdO is reduced during the initial step of the 
TPR at 30 °C for 30 min in the H2 mixture before the heating up. Subsequently, reduced Pd forms 
palladium hydrides. When heating begins, these hydrides decompose at higher temperatures as 
negative peaks in the H2-TPR profiles. Intensity and position of this peak depend on the size and 
dispersion of supported Pd metal. Bigger size accessible particles have higher storage capacity than 
the smaller ones, showing clear negative peaks at low temperature. In contrast, if the size of Pd 
particles is smaller, then the decomposition of β-PdHx takes place at higher temperatures [41]. The 
H2-TPR profiles of NaY and KL catalysts show clearly the presence of negative peaks at temperatures 
of 107 and 80 °C, respectively, indicative of the presence of larger Pd particles, which have a greater 
capacity for hydride formation and therefore give a negative peak of H2 desorption when the 
temperature increases. These negative peaks are not observed, in HMOR or interchanged zeolites HY 
and HL, which suggests that these catalysts present smaller palladium particles. These facts will be 
corroborated forward in this study by the analysis of the palladium particles sizes by TEM. Further 
increase of the reaction temperature produces the reduction of the oxides with the consequent 
positive peaks in the H2-TPR profiles. As can be seen, most of the more intense peaks in the profiles 
are located between 120 and 200 °C, although there are also other peaks at higher reduction 
temperatures, between 350 and 450 °C. The peaks at lower reduction temperatures are associated to 
the reduction of the oxides of Pd located inside cavities of the zeolite of good accessibility, while those 
at higher temperatures are related to the reduction of the oxides in places of more difficult access, 
like subsurface PdO species [42,43]. It is noticeable that the patterns at lower reduction temperature 
suggest the presence of two different Pd phases. KL shows a single peak displaced at slightly higher 
temperatures than those of ion exchanged zeolites, while NaY shows both phases. The higher and 
only presence of the phase in KL pattern around 170 °C in comparison with NaY may indicate higher 
interaction of Pd with the zeolitic support. This phase can be related with not only the Pd species 










KL 145 0.075 28 0.109 
NaY 342 0.177 67 0.287 
HMOR 293 0.164 34 0.194 
HL 98 0.043 33 0.094 
HY 174 0.041 59 0.186 
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accessibility of this phase can represent relevant differences in the catalytic activity and selectivity 
distribution, as is observed on this study forward. On the basis of TPR results, it can be concluded 






















Figure 2. TPR-H2 profiles of the different catalysts in 4.8 % H2/Ar, 10 °C/min. 
 
XRD patterns of the five catalysts are represented on Figure S1 in the Supplementary 
Information. The main reflections of mordenite in the HMOR patterns are identified at 9.6, 13.4, 25.6 
and 27.7°, corresponding to (2 0 0), (1 1 1), (2 0 2) and (5 1 1) planes, respectively [44,45]. KL and HL 
showed characteristic diffraction peaks at 5.5, 11.8, 15.2, 19.3, 22.7, 28.0 and 30.7°, associated to (1 0 
0), (0 0 1), (1 1 1), (2 2 0), (2 2 1) and (2 1 2) planes, respectively [46,47]. Finally, the main diffraction 
peaks associated to NaY and HY zeolites are confirmed by the presence of the peaks at 6.3, 10.3, 12.1, 
15.9, 23.5, 26.9 and 31.3° corresponding to (1 1 1), (2 2 0), (3 1 1), (3 3 1), (5 3 3), (6 4 2) and (5 5 5) 
planes, respectively [33,37,48]. As can be seen, all the samples show well-defined diffraction peaks, 
confirming the high crystallinity of the zeolites. Despite this, certain differences were found between 
the exchanged and the non-exchanged zeolites. The ammonium exchanged zeolites, HL and HY, 
show lower crystallinity and a slight shift of the diffraction peaks in relation to that of the non-
exchanged zeolites, KL and NaY, respectively. These results support those previously obtained when 
analyzing the nitrogen adsorption-desorption isotherms. After three cycles of ion exchanges the 
porous texture was affected by the removal of the compensating cation (Na in NaY and K in KL) out 
of the zeolite, causing a deterioration of the zeolitic framework, resulting in a lower porosity as 
indicated in N2 isotherm analysis, and corroborated by the loss of crystallinity observed by XRD. 
These results are in agreement with those reported on the literature [33,46]. It is also worth 
mentioning that Pd diffraction peaks were not observed in any of the zeolite spectra. This suggests 
that Pd particles should be of relatively low size and therefore a high dispersion was obtained as 
confirmed below by TEM results. 
Figure 3 displays representative TEM images of the different catalysts and their Pd particle size 
distributions. The images show Pd particles of different sizes depending on the catalysts, with quasi-
spherical shape and relatively well homogeneous distribution. Non-exchanged zeolites, KL and NaY, 
resulted in catalysts with the most heterogeneous particle size distributions, even more 
heterogeneous in the case of KL catalysts. In contrast, exchanged zeolites, HL and HY, resulted in 
catalysts with a very homogeneous particle size distribution with lower mean size. HMOR catalysts 
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shows also a homogeneous particle size distribution. Table 2 reports Pd mean particle size and 
dispersion values obtained from TEM analysis. The highest mean Pd particle sizes are those of KL 
and NaY catalysts (6.3 and 4.2 nm, respectively), while the rest of the catalysts shows similar mean 
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The different values of mean particles size can be explained by the surface acidity of the zeolites, 
which was studied by ammonia temperature programmed desorption (NH3-TPD). Figure 4 
represents the NH3-TPD profiles of the five catalysts. The NH3-desorption temperature and the 
intensity of the peaks can be related to the strength and amount of the acid sites, respectively. KL 
catalyst showed the lowest acidity, with only one low intensity peak at 210 °C associated to low-
strength acid sites. This catalyst also showed the biggest mean particle size (6.3 nm), which is around 
5 times the mean particle size of HL catalyst (1.4 nm). NaY and HY followed the same tendency, 
showing a higher particle size the non-exchanged zeolite (4.2 nm), although the difference between 
these two catalysts was lower. According to NH3-TPD results, NaY desorption peaks were more 
intense below 400 °C, showing higher amount of acid sites but still weak. On the contrary, HY and 
HL showed higher acidity according to their desorption profiles, and for both samples with presence 
of acid sites that desorb at higher temperatures than 400 °C (stronger acid sites). It seems clear that 
higher acidity yields Pd particles with smaller size. HMOR showed the highest acidity of the five 
catalysts identified by the presence of intense peaks of NH3 desorbed at 200, 550 and 775 °C, related 
to the presence of acid sites of heterogeneous strength. Table 2 summarizes the total desorbed 
ammonia obtained from TPD-NH3 spectra by integration of the area under the curve. The surface 
acidity of the five catalysts follows the order HMOR > HY > HL > NaY > KL. With the objective of 
clarifying the relation between Pd particle size and catalysts acidity, Figure 5 represents the total 
amount of NH3 desorbed by the catalysts during the NH3-TPD tests versus Pd mean particle size 
obtained from TEM. It is clearly visible the correlation between acidity and particle size. The catalysts 
with higher surface acidity yield lower mean Pd particle sizes. This behavior has been already 
observed in the literature for Pd on different supports, and it is ascribed to different causes, as 
decrease of surface area and pore volume, hindering of anchorage of the Pd precursor, among others 
[29,49]. These results are also in agreement with the TPR results, where non-exchanged catalysts 
showed lower hydride capacity due to their smaller Pd particle size. 
 
 
Figure 4. NH3-TPD curves of the catalysts. 
 
The Pd external mass content and the oxidation state distribution were studied by XPS. Table 3 
summarizes the Pd mass surface concentration. It can be observed that in all the catalysts the external 
surface concentration of Pd is significantly lower than the bulk one (1% Pd). This indicates that the 
Pd is more concentrated in the inner of the support particles (“egg-yolk” distribution). In the Pd3d 
XPS regions is visible the doublet corresponding to Pd 3d5/2 and Pd 3d3/2, separated by 5.26 eV [50]. 
Pd 3d5/2 signal at 335.5 eV is assigned to metallic palladium (Pd0), while electro-deficient palladium 
(Pdn+) appears around at 338.0 eV [19,29]. Table 3 represents the Pd3d oxidation state distribution 
obtained from Pd3d XPS spectra deconvolution (Figure S2). In all the cases, the catalysts show 
predominantly Pd in metallic state as a consequence of the reduction step in H2. 
 
















Figure 5. Desorbed NH3 vs Pd mean particle size. 
 
Table 3. Pd external mass content, Pd0 and Pdn+ obtained from XPS. 
Catalyst 






KL 0.38 72 28 
NaY 0.67 95 5 
HMOR 0.55 85 15 
HL 0.27 87 13 
HY 0.11 87 13 
 
2.2. HDC tests 
Figure 6A and 6B represent the initial DCM and TCM conversion versus reaction temperature 
using the five catalysts. All the catalysts showed significant activity on the HDC reaction with 
conversions of both DCM and TCM increasing with reaction temperature. In the case of HDC of DCM 
(Figure 6A), KL catalyst showed the lowest conversion values (≈ 40 % at 300 °C) probably as a 
consequence of its higher Pd mean particle size. On the contrary, HMOR catalyst drove to the highest 
DCM conversion values. This high activity can be explained by the combination of different 
characteristics, such as a well-developed porous texture, high surface acidity and low Pd mean 
particle size. DCM conversion using NaY, HL and HY catalysts was very similar along the whole 
reaction temperature range, what can be explained by the similarities found on their total surface 
acidity. The activity of the catalysts in the HDC of DCM seems to follow the same order that the total 
surface acidity. This behaviour has been previously observed for other reactions on zeolite catalysts 
[51]. On the other hand, HDC of TCM showed higher conversion values than DCM with all the 
catalyst. This is due to the higher reactivity of TCM molecule as a consequence of the additional Cl 
atom in the chloromethane molecule. In this case, total conversion of TCM was reached at lower 
temperature (175 °C) with HY, NaY and HMOR catalysts. Like in the case of DCM, KL showed the 
lowest conversion values, probably due to its higher Pd particle sizes. 
To stablish more clearly the possible influence of Pd particle size on the conversion of DCM and 
TCM with all the catalysts, Figure 7 represents the turnover frequency (TOF) values at isoconversion 
(X = 50 %) versus particle size for the HDC of TCM and DCM. The HDC of TCM and DCM seems to 
be a structure-sensitive reaction, with activity increasing with the Pd particle size. We have observed 
a similar behavior when analyzing the HDC of TCM using Pd supported on activated carbons 
catalysts at similar reaction conditions [29]. Taking into account the good correlation between TOF 
values and Pd mean particle size (Figure 7), it seems that the different nature of the catalytic sites 
(with different reduction temperatures, as can be seen in Figure 2) has lower significance in the HDC 
behavior using the different catalysts. Bonarowska et al. [15] obtained TOF values on the HDC of 
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tetrachloromethane in the range of 25-1650 h-1 at 90 °C, with alumina- and silica-supported Pt 
catalysts. Same research group reported TOF values between 7.3 and 619 h-1 with catalysts based on 
Pd, Au and Au-Pd supported on Sibunit carbon [52]. Sánchez et al. [53] reported TOF values around 
0.9 h-1 at 120 °C on the HDC of DCM using alumina and sol-gel titania-supported Pd catalysts. Ramos 
et al [49] obtained very high TOF values of around 10,080 h-1 for the HDC of TCM at 100 °C and 
H2/TCM ratio of 12. Pt-Pd bimetallic particles supported on sulfate zirconia catalysts showed TOF 
values in the range of 25.2-75.6 h-1 in the HDC of DCM at 150 °C [54]. Similar results to our work were 
obtained also by Martin-Martinez et. al. [55] where TOF values were in the range of 98-1173 h-1 











Figure 6. DCM (left) and TCM (right) conversion vs. reaction temperature with the different catalysts (τ = 0.8 













Figure 7. TOF (50 % conversion) vs mean particle size for the HDC of DCM and TCM. 
 
The main purpose of this work is not only the treatment of chloromethanes, but also the 
transformation into valuable hydrocarbon products such as light olefins and paraffins. With this 
objective, we have studied the selectivity distribution to the different reaction products. Figures S3 
and S4 represent the evolution of selectivity with the reaction temperature for all the catalysts, on the 
HDC of DCM and TCM. The reaction products obtained were methane, ethane and propane, 
accompanied by monochloromethane (MCM) and dichloromethane (DCM), as result of incomplete 
hydrodechlorination of the reactants. Significant production of propane was only observed in the 
HDC of TCM, while very small amounts of partial chlorinated compounds were found for this 
reaction. Traces of ethylene were also detected with KL catalyst. In the HDC of DCM (Figure S3) at 
low reaction temperatures, methane is the main product obtained with all the catalysts. As reaction 
temperature increases (and therefore DCM conversion increases) a very significant reduction in the 
selectivity to MCM is observed, accompanied by increasing selectivities to the desired products, the 
light paraffins ethane and propane. Furthermore, in the case of KL catalysts, ethane is the main 
reaction product of HDC of DCM at a reaction temperature of 300 °C. It is worth to mention the high 
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dechlorination degree of the catalysts indicated by the low selectivity obtained to MCM at high 
temperatures (when the DCM conversion begins to be significant). The selectivities in the HDC of 
TCM (Figure S4) followed similar trends, although some differences should be pointed out. Higher 
selectivities to the light paraffins (ethane and propane) than in the HDC of DCM were obtained, 
favored at the highest temperatures analyzed. Ethane was the main reaction product at reaction 
temperatures equal or higher than 250 °C with all the catalysts. Propane selectivity was significantly 
higher in the HDC of TCM than DCM. High dechlorination degree was also obtained in the HDC of 
TCM with all the catalysts, with total amounts of MCM+DCM even lower than those of MCM alone 
in the HDC of DCM.   
Figure 8 represents the selectivity distribution to the different reaction products in the HDC of 
DCM and TCM, respectively, at 300 °C. In the HDC of DCM (Figure 8 right) HY, NaY and HL show 
similar selectivities to the different products, with selectivities to ethane and propane around 33 %, 
and high dechlorination degree (selectivity to MCM < 6 %). HMOR catalyst showed the lowest 
selectivity to the desired products (selectivity to ethane and propane around 17 %) and the highest 
selectivity to methane (78 %). In contrast, KL catalyst showed the highest selectivity to the desired 
products (selectivity to ethane and propane ≈ 60%), and the lowest selectivity to methane that is 
around 38 %. As can be seen in Figure 8 (left), HDC of TCM yields significantly higher selectivities to 
ethane and propane than HDC of DCM, with also very high dechlorination degrees (low selectivities 
to DCM+MCM). NaY and KL catalysts showed the most promising results with selectivities to ethane 
and propane of 82 and 84 %, respectively. In general trend, it can be seen that KL catalyst, with the 
lowest surface acidity, showed the lowest conversion values but the best results in terms of selectivity 
to ethane and propane in the HCD of both DCM and TCM. In contrast, HMOR catalyst, which has 
the highest and strongest surface acidity, showed very high conversion values but the lowest 
selectivities to ethane and propane. These results suggest that surface acidity has an enormous effect 
not only in the activity but also in the selectivity of the HDC reaction. We obtain similar conclusions 
when analyzing the HDC of TCM using Pd supported on activated carbons from lignin catalysts [29]. 
In that study, the most acid catalyst, prepared from lignin by chemical activation with phosphoric 
acid, also yielded the lowest selectivities to ethane and propane. Comparing the results of both 
studies (this work with zeolites and the previous one with activated carbons), the highest selectivities 
to ethane and propane are very similar at 300 °C. 
Figure 8. Selectivity distribution in the HDC of DCM (left) and TCM (right) with the different catalysts 
(Reaction temperature = 300 °C, τ = 0.8 kg h mol-1, H2/CM molar ratio = 100). 
 
Hydrogen concentration has been reported to have a significant effect on the selectivity of the 
HDC reaction [30]. Decreasing the H2:CM molar ratio usually increases the selectivity to olefins, 
although it can also reduce the chloromethanes conversion and even reduce the stability of the 
catalyst. Figures 9A and B depict conversion and selectivity distribution in the HDC of DCM and 
TCM, respectively, with NaY and KL catalysts at H2:CM ratios of 10 and 100. We have selected these 
catalysts because they showed the highest selectivities to light paraffins (ethane and propane). The 
conversion values decreased slightly when reducing the H2/DCM molar ratio from 100 to 10. 
Catalysts 2020, 10, x FOR PEER REVIEW 11 of 17 
 
Regarding the effect of the H2/CM ratio on the selectivity values, it can be clearly observed that a 
reduction of the H2:CM ratio enhances significantly the selectivity towards light hydrocarbons, 
paraffins and in the case of KL catalysts olefins (ethylene and propylene). NaY catalysts produce 
outstanding selectivities to paraffins in the HDC of DCM and TCM (around 70 and 95 %, respectively) 
when using the lower H2/CM ratio. In the case of KL catalysts, it is also observed a clear increase in 
the selectivity to C2-C3 hydrocarbons, with a very significant proportion of olefins, especially in the 
HDC of TCM, reaching a selectivity to olefins close to 60 %. However, this latter excellent result is 
negatively affected by the high selectivity to chloromethanes (22 %) as incomplete dechlorination by-
products. Slightly lower selectivity to chlorinated products is obtained with NaY catalysts, 
confirming that more and smaller active sites enhance the hydrodechlorination capability of the 
catalysts.  
The use of higher reaction temperatures (up to 400 °C) was also analyzed for the HDC of DCM 
at a H2:DCM molar ratio of 10 using both catalysts NaY and KL. Despite better results were obtained 
in terms of conversion and selectivities (selectivities to olefins 75 % with KL), the carbon balance in 
the reaction fails by 20 %. This carbon shortage is probably caused by the generation and adsorption 
of condensation by-products on the surface of the catalysts, which decrease olefin yields and provoke 






























Figure 9. Conversion and selectivity distribution in the HDC of (A) DCM and (B) TCM with NaY and KY 
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3. Materials and Methods  
3.1. Materials and chemicals  
Three commercial zeolites were used on the preparation of the catalysts, namely K-LTL, Na-Y 
and H-MOR. K-LTL (Lynde Type L) zeolite has a three dimensional channel distribution with a 
composition of K6Na3Al9Si27O72·21H2O (SK-45, Si/Al = 3) and was purchased from Union Carbide. 
NaY zeolite (Faujasite type) has a three-dimensional channel distribution and a composition of 
(Na2)3.5[Al7Si17O48]·32H2O (Si/Al = 2.4, UOP-Y 54) and was purchased from Universal Oil Products. 
Finally, H-MOR zeolite (Mordenite) has a two-dimensional channel distribution, its composition is 
H2[Al2Si10O24]·7H2O (Si/Al = 7, Zeolon 900 H), and it was obtained from Norton International. PdCl2 
(99.9 %) used as active phase precursor was supplied by Sigma-Aldrich. All the gases were supplied 
by Praxair: trichloromethane (0.15 % vol. in N2), dichloromethane (1.5% vol. in N2), H2 and N2 (both 
99.999 % purity).  
 
3.2. Synthesis of the catalysts 
All zeolites were initially calcined, prior use, in a vertical quartz reactor under dry air flow (60 
mL min-1) at 450 °C (heating rate 5 °C min-1) for 4 h. In order to obtain catalysts with different chemical 
properties, K-LTL and Na-Y supports were submitted to ion exchange steps. Five grams of the 
calcined zeolites were dispersed in 100 mL of 1 M NH4NO3 solution under stirring at 90 °C for 6 h. 
The solid was recovered by filtration, washed with distilled water, dried in an oven overnight and 
calcined again in the same previous conditions. The operation was repeated three times to ensure the 
correct ion exchange between Na+/K+ cations and NH4+. During calcination, NH4+ is decomposed into 
H+ and NH3 is released.  
Subsequently, Pd was added as active phase on the zeolite by incipient wetness impregnation 
method. Aqueous solutions of PdCl2 with adjusted concentrations to achieve a Pd bulk concentration 
of 1% in weight were prepared and dropwise deposited on the dried zeolite supports. After 
impregnation, the catalysts were dried at room temperature for 24 h, and later dried in an oven. 
Finally, the resulting catalysts were calcined again at 450 °C in air (60 mL·min-1) for 4 h. The obtained 
catalysts impregnated with Pd (1% wt) were identified as HL (K-LTL interchanged with NH4+), KL 




All catalysts were reduced prior any characterization (except for TPR analyses). The reduction 
was performed at 400 °C for 1 h under H2 atmosphere (100 mL min-1). The porous texture of the 
catalysts was studied by N2 adsorption-desorption at -196 °C on an ASAP 2020 equipment 
(Micromeritics). All the samples were previously outgassed at 200 °C under vacuum (10-6 Torr) for 6 
h. The BET equation was used to calculate the specific surface area; meanwhile the t-method was 
applied to obtain the external surface area and micropore volume. Total pore volume was estimated 
from the amount of N2 adsorbed at P/Po = 0.99 converted in liquid volume (Vpore). Crystalline structure 
was studied by X-ray powder diffraction XRD and performed on a PANalytical X’Pert PRO 
diffractometer. The powdered samples were scanned using CuKα, voltage of 45 kV and current 40 
mA. The scanning range of 2θ = 4-90° was set up with a scan step size 0.04 rad and 20 s counting time.  
The acidity and acid strength distribution of the catalysts was analysed by temperature 
programmed desorption of ammonia (NH3-TPD) performed in an Autochem II 2920 unit. The NH3-
TPD used 0.190 g of catalysts saturated with 25 mL min-1 of 5 % NH3/He at 100 °C. After saturation 
step, the feebly adsorbed NH3 was desorbed in a He flow (25 mL min-1) at the adsorption temperature, 
until no NH3 was detected in the outlet gas. The NH3-TPD was performed by raising the temperature 
up to 940 °C with a heating rate of 10 °C min-1. The NH3 desorbed was monitored with a thermal 
conductivity detector (TDC) recording one measurement per second. Temperature-programmed 
reduction (TPR) analyses were carried out on an Ohkura TP2002 equipment using also a thermal 
conductivity detector. An amount of 0.1 g of unreduced catalyst was placed in a quartz tube and 
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treated with dry air (20 mL min-1) at 450 °C for 1 h and cooling down then to room temperature. A 
gas mixture of H2 (4.8 %) in Ar was then passed (20 mL min-1) through the quartz reactor at 30 °C for 
30 min. Then the temperature was raised up to 650 °C at a heating rate of 10 °C min-1 and held at that 
temperature for 30 min. Chemical analyses were performed by inductively coupled plasma (ICP) on 
an ICP-OPTIMA 2100 DV-Perkin Elmer. The solid samples were digested on microwave by using 
proper acid mixture solution.  
Surface chemical composition of the reduced catalysts was analyzed by X-ray photoelectron 
spectroscopy (XPS) in a Thermo Scientific with Al Kα radiation (1486.7 eV). The general spectra were 
recorded for the samples by scanning binding energy (BE) in the range 0-1200 eV. The C1s peak (284.6 
eV) was considered as an internal standard and used for corrections of changes occurred in BE caused 
by sample charging. Pd particle size distribution and morphologies were studied by transmission 
electron microscopy (TEM). The TEM images were obtained using a JEM 2100 microscope from JEOL 
company at an accelerating voltage of 200 kV. At least 100 particles were measured for the particle 
size distribution analysis. 
 
3.4. Gas-phase HDC tests 
All the experiments were performed in a continuous flow reaction system Micro-Activity (PID 
Eng & Tech, Spain) described elsewhere [11], with a quartz fixed fixed-bed microreactor (4 mm of 
internal diameter). The catalysts were reduced “in situ” under H2 atmosphere (50 mL min-1) at 250 °C 
for 2 hours prior any reaction test. The HDC experiments were carried out at atmospheric pressure, 
with 100 mL min-1 of total flow (TCM/DCM + N2 + H2), a TCM/DCM inlet concentration of 1000 ppmv, 
space time of τ = 0.8 kg h mol-1, different H2:TCM/DCM molar ratios (100:1 - 10:1 range) and reaction 
temperatures from 75 to 300 °C. The reactor outlet was coupled to a gas chromatograph (Varian 450-
GC) with a capillary column (CP-SilicaPLOT, 60m) and a FID detector. The activity of the catalysts, 
evaluated in terms of TCM and DCM conversion (X), and the selectivity to the different reaction 
products (Si) were calculated by:  
 
XTCM (%) = (TCMinlet - TCMoutlet)/TCMinlet x 100 
XDCM (%) = (DCMinlet - DCMoutlet)/DCMinlet x 100 
Si (%) = (nioutlet · NC,i)/(nioutlet · NC,i + njoutlet · NC,j +…) x 100 
where nioutlet and niinlet are the concentration of the product i at the reactor outlet and inlet respectively, 
NC,j and NC,j are the number of carbon atoms in the compound j and i respectively. The carbon mass 
balance of every experiment was checked and did not showed deviations higher than 10 %. Turnover 
frequency (TOF) was also evaluated and calculated as the moles of reactants converted per mole of 
surface-exposed active phase atoms (Pd atoms). Dispersion of Pd particles was calculated assuming 
spherical metallic particles shape, using the equation [29]:  
 
D (%) = (6 · 105 Mw)/(ρM · σM · NA · d) 
 
where Mw stands for the atomic mass of Pd (106.42 g mol-1), ρM is the density of the metal (12.02 g cm-
3 for Pd), σM corresponds to the effective surface area of Pd atoms (7.87 x 10-20 m2 per atom), NA is 
Avogrado’s number and d is the mean metal particle size (obtained by TEM) in nm. The amount of 
exposed metal atoms was calculated from the nominal content of Pd in μmol per gram of catalysts 
multiplied by the corresponding dispersion values. 
4. Conclusions 
Pd supported by incipient wetness impregnation on commercial zeolites type K-LTL, Na-Y and 
Na-MOR, synthesized in basic form or modified to protonic by ion exchange with ammonium, 
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resulted in catalysts with good performance in the HDC of DCM and TCM. The ion exchange process 
allowed modifying surface acidity, porosity and Pd particle size. The catalysts with higher surface 
acidity yielded lower mean Pd particle size which in turn reduced the intrinsic activity of the 
catalysts. This confirms the HDC of TCM and DCM as a structure-sensitive reaction. The best results 
in terms of selectivity to the desired products (C2-C3 hydrocarbons) were obtained with NaY and KL 
catalysts, due to their lower surface acidity. NaY catalyst showed a total conversion of both DCM and 
TCM, with selectivities to paraffins of 70 and 95%, respectively. In the case of KL catalyst, the 
conversion achieved with DCM was significantly lower (around 27 % at 300 °C), and a higher 
temperature is needed to obtain complete TCM conversion, although with excellent selectivities to 
C2-C3 hydrocarbons. Surface acidity has an outstanding influence on the selectivity to olefins. KL 
catalysts, with a considerably lower acidity than the other catalysts, led to selectivities to olefins up 
to 37 % and 60 % for DCM and TCM HDC, respectively. In contrast, NaY did not produce significant 
amounts of olefins. Catalysts with low surface acidity are recommend for getting high selectivities of 
C2-C3 hydrocarbons by HDC of chloromethanes and specially to yield olefins. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: XRD 
patterns of the catalysts, Figure S2: XPS Pd3d deconvoluted spectra Pd 1%, Figure S3: Selectivity versus reaction 
temperature on the HDC of DCM with the catalysts (τ = 0.8 kgcat h mol-1, 1000 ppmv, H2/DCM = 100), Figure S4: 
Selectivity versus reaction temperature on the HDC of TCM with the catalysts (τ = 0.8 kgcat h mol-1, 1000 ppmv, 
H2/TCM = 100), Table S1: XPS analysis of the fresh catalysts at high resolution. 
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ELECTRONIC SUPPLEMENTARY INFORMATION 
 
 
Table S1. XPS analysis of the fresh catalysts at high resolution. 
Mass external concentration (% w.t.) 
Catalysts C O Al Si K Na Pd 
HMOR 5.3 52.4 2.7 39.0 - - 0.6 
HL 5.8 46.8 6.2 29.8 11.1 - 0.3 
KL 5.3 51.1 6.9 33.6 2.6 - 0.4 
HY 5.6 49.2 8.8 35.0 - 1.3 0.1 






































































































































































































Figure S3: Selectivity versus reaction temperature on the HDC of DCM with the catalysts 
 (τ = 0.8 kgcat h mol-1, 1000 ppmv, H2/DCM = 100). 
 

































































Figure S4: Selectivity versus reaction temperature on the HDC of TCM with the catalysts 
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